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Abstract. A revolution in elementary particle physics occurred during
the period from the ICHEP1968 to the ICHEP1982 with the advent of
the parton model from discoveries in Deeply Inelastic electron-proton
Scattering at SLAC, neutrino experiments, hard-scattering observed in
p+p collisions at the CERN ISR, the development of QCD, the dis-
covery of the J/Ψ at BNL and SLAC and the clear observation of high
transverse momentum jets at the CERN SPS p¯+ p collider. These and
other discoveries in this period led to the acceptance of QCD as the the-
ory of the strong interactions. The desire to understand nuclear physics
at high density such as in neutron stars led to the application of QCD
to this problem and to the prediction of a Quark-Gluon Plasma (QGP)
in nuclei at high energy density and temperatures. This eventually led
to the construction of the Relativistic Heavy Ion Collider (RHIC) at
BNL to observe superdense nuclear matter in the laboratory. This ar-
ticle discusses how experimental methods and results which confirmed
QCD at the first hadron collider, the CERN ISR, played an important
role in experiments at the first heavy ion collider, RHIC, leading to the
discovery of the QGP as a perfect liquid as well as discoveries at RHIC
and the LHC which continue to the present day.
1 Introduction
The beginning of the revolution in understanding the strong interactions of elementary
particles took place in the period from the 14th International Conference on High
Energy Physics in Vienna, Austria in 1968 (ICHEP1968) to the 16th ICHEP at
Fermilab & Chicago in 1972.
1.1 ICHEP1968
Ironically it was a result from Deeply Inelastic Scattering (DIS) that started it. This
was presented at the end of Pief Panofsky’s rapporteur talk in the Electromagnetic
Interactions - Experimental session at ICHEP1968 [Panofsky 1968]. The preliminary
results from the SLAC-MIT electron+proton scattering experiment showed two very
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striking features, the first in the structure function and the second in the ratio of the
inelastic to elastic scattering cross sections.
The inelastic scattering cross section for the case when only the outgoing electron
is detected is given by the formula [Drell and Walecka 1964]
d2σ
dQ2dν
=
4piα2
Q4
[
W2(Q
2, ν)
(
1− ν
E
− Q
2
4E2
)
+ 2W1(Q
2, ν)
Q2
4E2
]
(1)
where W2(Q
2, ν) and W1(Q
2, ν) are structure functions which each depend on the
4-momentum transfer squared, Q2, and the energy loss ν = E − E′ of the incoming
electron with energy E and outgoing energy E′. The amazing result was that although
one might expect many plots of W1 and W2 as functions of various values of Q
2 and
ν, they all collapse to one curve as suggested by Bjorken [Bjorken 1969]
F2(Q
2, ν) ≡ νW2(Q2, ν) = F2(Q
2
ν
) (2)
and thus known as Bjorken Scaling (Fig. 1a). The other important point made by
Panofsky (Fig. 1b) [Breidenbach 1969] was that the inelastic cross sections in the
continuum “are very large and decrease much more slowly with Q2 than the cross-
sections for elastic-scattering and the specific resonant states.”
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Fig. 1. a) (left) F (ν/Q2) as a function of ω = ν/Q2 with values of Q2 indicated for θ =
6o [Panofsky 1968] b) (right) (d2σ/dΩdE′)/σMott) in GeV−1 vs q2 for 3 values of W the
invariant mass of the recoil hadron state, indicated, compared to (dσ/dΩ)elastic/σMott) where
σMott = (4piα
2 cos2 θ/2)/Q4, calculated for 10◦ [Breidenbach 1969].
All this led Bjorken (inspired by Feynman) [Bjorken and Paschos 1969] to the
concept of a proton composed of fundamental pointlike constituents (partons) from
which the electrons scatter elastically, incoherently as viewed in a frame in which the
proton has infinite momentum. The free partons each have longitudinal momentum
a fraction x of the proton longitudinal momentum P where the probability of the
parton to have the momentum xP is given by F2(x) where x = Q
2/(2Mν) and M
is the mass of the proton. As an experimentalist, I had done muon-proton elastic
scattering in the more usual frame where the proton is at rest in a liquid hydrogen
target. The proton recoils with kinetic energy ν from an elastic scattering by the µ
(or e) with 4-momentum-transfer2 Q2 where ν = Q2/(2M) so that it was easy for
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me to understand that DIS of an e from a proton is just quasi-elastic scattering from
a parton at rest with a fracton x of the mass of the proton which would become a
fraction of the momentum in any moving frame.
1.2 ICHEP1972
Frankly many physicists did not accept the idea that the proton was composed of a
gigantic number of massless constituents (partons) [Friedman 1991]. In fact we used
to call Manny Paschos, who worked at Brookhaven National Laboratory (BNL) in
this period, “Manny Parton”. Everything changed for most people at the 16th ICHEP
in 1972 at Fermilab and Chicago where three spectacular new results were presented.
1. Don Perkins in his conclusions [Perkins 1973] from new measurements of neu-
trino scattering cross sections and nucleon structure functions from the CERN
Gargamelle collaboration emphasized: i) that both ν and ν¯ cross sections in the
range 2-10 GeV are linear with energy, in accord with Bjorken scaling; . . . iv)
In terms of constituent models, the fractional charged (Gell-Mann/Zweig) quark
model [Gell-Mann 1964,Zweig 2010] is the only one that fits both the neutrino and
electron data (
∫
F νN2 (x) dx/
∫
F eN2 (x) dx = 3.4 ± 0.7 ≈ 18/5); v) The fractional
nucleon 4-momentum carried by gluons is 50% and vi) by antiquark constituents
is only ∼ 10% of that carried by quarks and antiquarks together.
2. The birth of QCD where Fritzsch and Gell-Mann [Fritzsch and Gell-Mann 1973]
proposed that the three distinct colors assigned to the 3 s-quarks in the Ω−(sss)
[Gell-Mann 2013] to allow them to be in the same state, avoiding simple Fermi
statistics by obeying “para-Fermi statistics of rank 3” [Greenberg 1964], could also
apply to gluons “which could form a color-octet of neutral vector fields obeying
the Yang-Mills equations”.
3. The discovery of enhanced particle production at large transverse momentum pT
in p+p collisions at the CERN-ISR [Cool 1973] with a power-law shape, which de-
pended on the c.m. energy of the collision,
√
s, quite distinct from the exponential
e−6pT [Cocconi 1961] spectrum at low pT < 1 GeV/c which depended minimally if
at all on
√
s (Fig. 2a). This was proof that the partons of DIS interacted strongly
with each other rather than simply scatter electromagnetically which must occur
in a p+p collision since the partons are charged (Fig. 2b) [Berman 1971].
This last result changed the focus of many experimenters from the small angle, low
transverse momentum region where most particles were produced, typical of fixed-
target experiments in beams of high energy particles from an accelerator, to the region
of large transverse momentum production, which at the CERN-ISR, the first hadron
collider, was perpendicular to the axis of the colliding beams, a perfect location for
the study of “high pT physics”.
The first proposals of experiments to the ISR in early 1969 had been domi-
nantly in the forward direction so that the ISR committee decided to divide up
the angular regions for different experiments at several interaction points to three
regions [Russo 1996]: small angles (up to 150 mrad); medium angles (100-300 mrad)
and large angles (300 mrad to pi/2 rad). The ISR did make discoveries and obtain
important results on low pT “soft” physics [Jacob 1984] so one may ask why some of
the experiments wanted to run at the largest angles, where few if any particles were
expected. The answer is that they were looking for W±-bosons, the proposed quanta
of the weak interactions [Lee and Yang 1960].
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Fig. 2. a) (left) pT spectra of invariant cross sections Ed
3σ/dp3 of pi0 and pi+ for sev-
eral
√
s at the CERN-ISR [Cool 1973]. b)(right) Predicted pT spectrum of hadrons from
Coulomb scattering of partons in p+p collisions at
√
s = 28.3 GeV compared to the e−6pT
[Cocconi 1961]formula background [Berman 1971].
2 Weak Bosons from strong interactions? 1960-1970
The completion of the two highest energy (∼ 30 GeV) proton accelerators, the PS
at CERN (November 1959) and the AGS at BNL (August 1960) opened the possi-
bility of studying weak interactions at high energy rather than only by radioactive
decay. The idea of the left-handed parity violating W± bosons as the quanta of
the weak interactions [Lee and Yang 1960] led to proposals for neutrino beams and
experiments at the two laboratories [Pontecorvo 1959] [Schwartz 1960] to measure
neutrino scattering and to discover the W which would prevent the otherwise point-
like neutrino interaction cross sections from increasing monotonically with energy
until they violated unitarity [Lee 1961]. Although a Nobel Prize winning discovery,
the muon neutrino [Danby 1962], was made with the first accelerator neutrino ex-
periment, the W was not observed in the early neutrino experiments. Relatively low
limits were set for the mass of the W± (> 2 GeV) [Bernardini 1964][Burns 1965a]
because of the low energy neutrino beams with small neutrino cross sections and it
was realized that p+p collisions might be more favorable for producing the W , e.g
p+p→ d+W+ [Bernstein 1963] [Nearing 1963] [Piccioni 1966]. This last reference is
interesting for three reasons:
1. There is a comment from A. (Antonino) Zichichi [Zichichi 1966] on studies at
CERN to observe the W± in p+p collisions, which is so clear that it deserves a
verbatim quote:“We would observe the µ’s from W -decays. By measuring the an-
gular and momentum distribution at large angles of K and pi’s, we can predict the
corresponding µ-spectrum. We then see if the µ’s found at large angles agree with
or exceed the expected numbers.” The W± would be visible above the background
as a Jacobian peak at lepton transverse momentum pµT = MW /2.
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2. The proposed experiment was never done because the original calculation did not
include the p or d form factors and thus the original cross section calculation
needed be reduced by a factor of ≈ 3000 [Nearing 1964].
3. This is exactly the way that the W was discovered at the CERN Sp¯pS collider 19
years later [Arnison 1983a,Banner 1983] as best shown in Ref. [Appel 1986].
2.1 First p+p experiments searching for the W 1965–1970
Experiments overcame the low cross section for large angle muons from the reaction
p + p → W+anything by interacting the entire extracted proton beam in a well-
shielded dense target where only muons could penetrate the shielding (beam dump
experiments); but no signal was observed [Burns 1965b] [Lamb 1965]. This brought up
the question of how to know how many W bosons should have been produced. Chilton,
Saperstein and Shrauner [Chilton 1966] emphasized the need to know the time-like
form factor of the proton to calculate the cross section for producing W ’s and used the
Conserved Vector Current (CVC) theory to estimate the W production cross section
by relating it to di-muon production in the reaction p + p → µ+ + µ−+anything.
Yamaguchi [Yamaguchi 1966] then proposed that the time-like form factor could be
found by measuring the number of e+ + e− or µ+ + µ− “massive virtual photons” of
the same invariant mass as the W in the p+p reaction but warned that the individual
leptons from these electromagnetically produced pairs or from real photons from the
decay pi0 → γ+γ from the huge number of pi0 produced might mask the leptons from
the W±.
These developments led Leon Lederman to propose in August 1967 a more elegant
beam dump di-muon experiment at the BNL-AGS (AGS 420) with a thick Uranium
target and muon momentum measurement by range in a series of iron and concrete
absorbers to search for W bosons, measure the time-like form factor and possibly look
for ‘massive’ vector meson production. I had proposed a di-muon experiment in May
1967 (AGS 412) modifying an existing Harvard photoproduction experiment (AGS
310) so as to search for µ+µ− pairs produced in a Pb target by an incident muon
beam—muon tridents. With three muons in the final state, two of them identical,
we could test whether muons obeyed Fermi statistics or para-statistics and whether
there was a force between muons other than electromagnetic.
Leon and I had been in contact about µ+µ− pairs via mail over the summer but
I decided to stick with my trident experiment which did in fact measure that the
muon was a Fermion [Russell 1971]. My story then loops around to Panofsky’s talk
at the ICHEP1968 [Tannenbaum 2016]; but the outcome of Leon’s di-muon exper-
iment turned out to be one of the pillars of the parton model and just missed a
truly revolutionary discovery at the BNL-AGS in 1974, the J/Ψ [Aubert 1974], that
cemented the parton model and belief in real quarks, which will be discussed in its
chronological order below.
2.2 Drell-Yan leads to better W searches and other discoveries
Having seen Lederman’s preliminary results at an American Physical Society meeting,
Sid Drell and Tung-Mow Yan at SLAC [Drell and Yan 1970] used the parton model
and Bjorken scaling in m2/s to calculate large mass timelike virtual-photon i.e. lepton
pair production in hadron-hadron ‘inelastic collisions’ by parton-antiparton annihila-
tion, or in today’s terminology q¯ + q → µ+ + µ−. There was also another calculation
described in Ref. [Drell and Yan 1970] which “employs light-cone commutators and
Regge theory, yielding a relative cross section in good agreement with the shape of
the experimental distribution.” [Altarelli 1971] (Fig. 3a).
6 The European Physical Journal H
From Proposal E70 at FNAL
E70-(F)NAL
 ± yield exp -6pT
worst imaginable background
can suppress by 103 
 p
T=MW/2
+ addendum Dec 1970     
Fig. 3. a) (left) Di-muon invariant mass spectrum dσ/dmµµ [Christenson 1970] with the
totally incorrect theoretical prediction [Altarelli 1971] b)(right) the pT distribution of p+p→
µ+ + µ− + X. The cross section was calculated with Bjorken scaling from (a) with the W
cross section as σW = 0.05 m
2
W dσ/dmµµ from CVC [Chilton 1966]. The ‘Zichichi signatures’
for possible W masses are indicated [Lederman 1970]Addendum.
Lederman was very excited about this agreement with the measured dσ/dmµµ
distribution [Christenson 1970]. This was because with the use of the CVC the-
ory [Chilton 1966] and Bjorken scaling he could calculate the W cross section at
any
√
s and thus predict the sensitivity of his di-muon proposal (E70, which I ini-
tially joined [Lederman 1970]) at the newly opening Fermilab (Fig. 3b), as well as
the di-electron proposal at the CERN ISR [Cool 1969] which became the experi-
ment that discovered the unexpectedly large high pT pi
0 spectrum announced at
ICHEP1972 [Cool 1973].
The high pT discovery represented totally new physics, strongly interacting par-
tons, which excited me very much. I resigned from all my Fermilab proposals, and
being on the faculty of the Rockefeller University since 1971 I was able to move to
Geneva to be with the Rockefeller group there and continue the work of the CERN-
Columbia-Rockefeller (CCR) series of experiments which helped lead to the confir-
mation of QCD as the theory of the strong interactions.
Before returning to the aftermath of the high pT discovery, a comment from the
di-muon measurement paper [Christenson 1970] is worth noting. Resonances were
one of the original purposes of the experiment stated in the AGS 420 proposal, and
were mentioned in the di-muon publication [Christenson 1970]: “As seen in both the
mass spectrum and the resultant cross section dσ/dm, there is no forcing evidence of
any resonant structure” although “Indeed in the mass region near 3.5 GeV/c2, the
observed spectrum may be reproduced by a composite of a resonance and a steeper
continuum.” A proposal was actually made in September 1970 (AGS 549) by some
younger members of the Lederman group to follow up the resonance possibility; but it
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never really got off the ground for various reasons.1 As noted above the situation was
finally cleared up in November 1974; but there were also many exciting developments
in high pT physics and QCD from 1971 to 1974.
3 1971-1973 QCD, Asymptotic Freedom, xT scaling and more.
Theoretical physicsists were very busy in this period inventing the theory of asymp-
totic freedom and QCD “from a Yang-Mills gauge model based on colored quarks
and color octet gluons” [Fritzsch and Gell-Mann and Leutwyler 1973],[Politzer 1973],
[Gross and Wilczek 1973], [’t Hooft 1999] A quick summary of asymptotic freedom in
QCD is that the coupling constant obeys the equation [Altarelli and Parisi 1977]:
αs(Q
2) =
12pi
(11Nc − 2nf ) ln(Q2/Λ2) =
12pi
25 ln(Q2/Λ2)
(3)
for Nc = 3 colors and, as will turn out, nf = 4 flavors of quarks. The asymptotic
freedom is the decrease of αs(Q
2) as Q2 increases. However, at this point in time
asymptotic freedom had minimal if any impact on experimentalists at hadron colliders
who were much more interested in the scaling rules and models directly related to
the high pT measurements.
3.1 First scaling law 1971
In addition to calculating the cross sections for Coulomb scattering of partons in p+p
collisions, BBK [Berman 1971] presented a scaling law for the Coulomb scattering
which must exist for charged partons:
E
d3σ
dp3
=
4piα2
p4T
F(−uˆ
sˆ
,
−tˆ
sˆ
) (4)
where α = e2/~c is the fine structure constant. The two factors are a 1/p4T term,
characteristic of single photon exchange, and a form factor F that scales, i.e. is only
a function of the ratios of the Mandelstam variables, sˆ, tˆ and uˆ, the constituent-
scattering invariants for scattering of a parton with 4-momentum p1, on another
parton with 4-momentum p2 to give an outgoing parton pair with p3 and p4, i.e.
p1 + p2 → p3 + p4.
3.1.1 Quick kinematics review
Relativistic kinematics are important for understanding parton-parton scattering and
eventually QCD so I give a brief description here with the Minkowski convention 1.
The four-vector momentum p of a particle with 3-vector momentum P, energy E, in
a particular rest frame, and invariant mass m, in units where the speed of light c is
taken as unity, is denoted such that the 4-th (time) component ≡ iE :
p = (P, iE) or p = (Px, Py, Pz, iE) and p
2 = p · p = P ·P−E2 = −m2 . (5)
The squared modulus of the 4-vector, p2, is invariant under a Lorentz transformation.
1 See Ref. [Rak and Tannenbaum 2013] for further information about this issue and other
issues raised but not discussed in full detail in this article.
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The Lorentz Invariant quantities to describe two-two scattering kinematics are:
−sˆ = (p1 + p2)2 = (p3 + p4)2
−tˆ = (p1 − p3)2 = (p4 − p2)2
−uˆ = (p1 − p4)2 = (p3 − p2)2
sˆ+ tˆ+ uˆ = m21 +m
2
2 +m
2
3 +m
2
4 . (6)
where sˆ is the parton-parton center of mass energy squared, Q2 = −tˆ is the 4-
momentum-transfer-squared in the parton-parton elastic scattering. See appendix 14.2
for a full discussion of parton-parton scattering kinematics.
3.2 A better scaling rule, xT scaling, 1972
Inspired by “The recent measurements at CERN ISR of single-particle inclusive scat-
tering at 90◦ and large transverse momentum” which “revealed several dramatic fea-
tures of pion inclusive reactions”, Blankenbecler, Brodsky and Gunion (BBG) pro-
posed a new general scaling formula, xT scaling [Blankenbecler 1972]:
E
d3σ
dp3
=
1
pneffT
F (xT ) where xT ≡ 2pT√
s
. (7)
The power neff is determined by the force-law between constituents, the quantum-
exchange governing the reaction. Thus, neff = 4 for QED or “Vector Gluon Exchange”.
However, BBG also included a new model of their own, the “constituent interchange
model (CIM)” which predicted that the “proton beam at the ISR behaved like a
meson beam of much lower energy” so that high pT pions were produced by “quark-
meson scattering by the exchange of a quark” which gave neff = 8 in their model
“which does give an excellent account of the data” [Bu¨sser 1973].
3.3 The 3 ISR experiments publish, 1973
Three ISR experiments published observation of enhanced high pT production at
90◦ in the c.m. system in 1973. The first publication, from the British-Scandinavian
ISR Collaboration [Alper 1973] measured non-identified charged hadrons with 1.5 ≤
pT ≤ 4.5 GeV/c at
√
s = 44 and 53 GeV, with the comment “no strong energy
dependence is observed for these transverse momenta”. The second publication by
the Saclay-Strasbourg group [Banner 1973] used a Cerenkov counter to identify pi±
with 3.5 ≤ pT ≤ 5 GeV/c and noted an e−2.4pT dependence for the invariant cross
section in this range “in sharp contrast with the” e−6pT shape of the spectrum below
1 GeV/c. More importantly, they also measured pi0 by conversion of the pi0 → γ + γ
decay photons in the ISR vacuum pipe but found no single e± with pT > 3 GeV/c so
set a limit for single electron production.
The best and most influential measurement was the final publication of the prelim-
inary data (Fig. 2a) shown at ICHEP1972 by the CERN Columbia Rockefeller (CCR)
group (Fig. 4a) [Bu¨sser 1973]. The pi0 were detected in two identical Pb Glass electro-
magnetic calorimeters preceded by tracking chambers located at 90◦ on both sides of
the colliding proton beams. The pi0 spectrum was measured in the range 2.4 ≤ pT ≤ 9
GeV/c at 5 c.m. energies
√
s = 23.5, 30.6, 44.8, 52.7 and 62.4 GeV. A very large
√
s
dependence was observed for the cross sections, which were all “orders of magnitude”
higher than an extrapolation of the “well known exponential”, e−6p⊥ . The break in
the cross-section due to parton-parton electromagnetic scattering anticipated by BBK
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Fig. 4. [Bu¨sser 1973] a) (left) The invariant cross section Ed3σ/dp3 for p+p→ pi0 + X vs.
p⊥ for 5 c.m. energies. b) (right) The function F (xT ) = p
neff
⊥ Ed
3σ/dp3 deduced from the
measurements in (a) using the best fit value, n = 8.24. The errors are statistical only.
(Fig. 2b) [Berman 1971] was observed but did not agree with magnitude or the form
of their Coulomb prediction, Ed3σ/dp3 ∝ p−4⊥ F (xT ). However, as noted above, the
data for all
√
s could be well fit by the BBG xT scaling form (Eq. 7) with the value
neff = 8.24±0.05(stat)±0.70(sys) with F (xT ) = A exp(−bxT ), in agreement with the
CIM prediction [Blankenbecler 1972], as illustrated by a plot of the data in the form
p8.24⊥ × Ed3σ/dp3 (Fig. 4b).
4 1974-1976 a charming period.
4.1 The discovery of charm particles by direct e+/− production at the CERN ISR
This discovery [Bu¨sser 1974] is not generally credited to the ISR, nor even mentioned
in many articles about charm physics [Tavernier 1987] or the ISR [Darriulat 2012] be-
cause charm quarks (c) were only a theoretical idea [Bjorken 1964],[Glashow 1970] at
that time. The discovery came about because two of the experiments, CCR [Bu¨sser 1973]
and Saclay-Strasbourg [Banner 1973], whose searches for W bosons by detecting sin-
gle electrons at large pT were overwhelmed by the high pT pion discovery, decided to
combine.
The combined experiment, the CERN, Columbia, Rockefeller, Saclay (CCRS) col-
laboration [CCRS 1973], had two spectrometer arms located around 90◦ on opposite
sides of ISR intersection region I1 with vastly improved e±, e+ + e−, pi± and and pi0
detection as well as outstanding features to eliminate the background in this difficult
measurement:
1. ≥ 105 charged hadron rejection from electron identification in gas Cerenkov coun-
ters combined with matching the momentum and energy of an electron candidate
in the magnetic spectrometer and the PbGlass Electromagnetic Calorimeter;
2. precision measurement of pi0 → γ + γ and η → γ + γ decays, the predominant
background source;2
3. a minimum of material in the aperture to avoid external conversions of photons;
4. zero magnetic field on the axis to avoid de-correlating conversion pairs;
2 This was better in ‘arm2’ with the CCR PbGlass than in ‘arm1’ with the Saclay 3Xo
shower counters.
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5. rejection of conversions in the vacuum pipe (and small opening angle internal con-
versions) by requiring single-particle ionization in a hodoscope (H) of scintillation
counters close to the vacuum pipe, preceded by a thin track chamber to avoid
conversions in the hodoscope;
6. precision background determination in the direct-single-e± signal channel by adding
external converter—to distinguish direct single-e± from e± from photon conver-
sion.
Preliminary results on “the observation of leptons at large pT ” from 6 experiments
were presented at the ICHEP in London in July 1974: one for e± by CCRS [Segler 1974],
[Bu¨sser 1974]; one for both e± and µ± channels by Lederman’s E70 [Appel 1974]
at Fermilab; and four for µ±: one by Cronin and collaborators, E100 at Fermi-
lab [Boymond 1974]; one from Serpukhov [Lebedev 1973] that had previously claimed
that the observed ratio µ/pi = 2.5 × 10−5 at √s = 12 GeV was from “electromag-
netic production of muon pairs” (later improved [Abramov 1976]); and two others
that were upper limits on W± → µ± + X production. CCRS and the Fermilab ex-
periments all found that the ratio e, µ/pi ≈ 10−4. There were no clear ideas about
the source of these direct leptons at this time, as well summarized by Lederman at
ICHEP1974 [Lederman 1974].
Following these results, many experiments that were not originally designed for
these measurements, which are extremely difficult, also attempted to look for direct
single leptons. This only added confusion to the situation because they mostly found
results that were incorrect. A beautiful summary of all these experiments and their
difficulty was again presented by Leon Lederman at the 1975 Lepton Photon Sympo-
sium [Lederman 1975] [Lederman 1976] paraphrased succintly as:
µ±: Muon detection requires an understanding of the trivial but devastating back-
ground of pion and kaon decay.
e±: Electron detection suffers from problems of conversions of photons (principally
from pi0 decay)in any residual material, from Dalitz pairs, from electron decay of
long-lived sources (K, Λ, Σ, ...)
Here I point out that Leon left out η → γ+µ++µ− (Dalitz) decay as a background for
muons. In fact, in 1977 at the Lepton Photon Symposium, Jim Cronin [Cronin 1977]
made a strong claim in his talk from which I quote the abstract: “A review of direct
production of leptons and photons in hadron-hadron collisions is presented. Produc-
tion of lepton pairs with large mass is well accounted for by the Drell-Yan process.
The origin of direct single leptons is principally due to the production of lepton pairs.
A dominant source of lepton pairs is at low effective mass, m < 600 MeV.” I stren-
uously disagreed with him for the CCRS result in a comment [Tannenbaum 1977].
Here is why.
4.2 The CCRS measurement
We made an extraordinary effort to measure all the possible backgrounds, the primary
one being external conversions of decay photons or internal conversions (Dalitz pairs)
from the decay pi0 → γ+e+ +e− and η → γ+e+ +e−. We did this by adding material
of a few percent of a radiation length Xo in addition to the 0.016 Xo thickness of the
stainless steel corrugated vacuum pipe (Fig. 5a) [Bu¨sser 1976b]. Measurements were
made for the accepted single e± events and also for selected conversions by requiring
double (or more) ionization in the H hodoscope. The data are normalized to the
normal running conditions with only the ISR vacuum pipe of 0.016 Xo.
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Fig. 5. a) (left) Yield of inclusive e± vs. total external material t in radiation lengths
for accepted prompt e± events (•) and selected conversions (◦) [Bu¨sser 1976b]. b) (right)
Charged averaged cross section of (e+ + e−)/2 at
√
s = 52.7 GeV as a function of pT
(•) [Bu¨sser 1974]. Solid line is fit to British-Scandinavian (pi++pi−)/2 cross section multiplied
by 10−4 [Alper 1974].
4.2.1 Dalitz pairs–Internal conversion
The converter method to determine the external and internal conversions, γ → e++e−
from pi0 → γ + γ and η → γ + γ decay is straightforward to understand with a few
equations. The total Dalitz (internal conversion) probability is [Kroll and Wada]:
δ =
Γeeγ
Γγγ
=
2α
3pi
(
ln
M2
m2e
− 7
2
)
=
1.19% for pi0
1.62% for η
, (8)
where M is the mass of the pi0 or η. With additional external converter present the
probability of internal and external conversion per γ is
e−|γ
γ
=
e+|γ
γ
=
δ2
2
+
t
9
7X0
≡ δeff (9)
where: t/Xo, is the total external converter thickness in radiation lengths; δ2/2 is
the Dalitz (internal conversion) branching ratio per photon = 0.6% for pi0 → γγ,
0.8% for η → γγ; and the factor 9/7 comes from the ratio of conversion length to
radiation length. For pi0 and η decays, the yield extrapolates to zero at the “Dalitz
point” − 914δ2 ∼ −1%—actually −0.8% for pi0 and −1.0% for η—so the method has
the added advantage that it depends very little on the η/pi0 ratio. In Fig. 5a, the
extrapolation for the e± from selected conversions (◦) extrapolates nicely to zero at
the Dalitz point, indicating a photonic source, while the accepted prompt e± events
(•) show only a small decrease from the normal thickness used for data-collecting
(t/Xo = 1.6%) to the Dalitz point: the value at the Dalitz point is the normalized
yield of the prompt single e± with the photonic background subtracted.
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The same method doesn’t work at all for the single µ± which have the ‘devas-
tating background’ from meson decay. Furthermore the η → γ + µ+ + µ− decay
which would fit Cronin’s description of the source of his single muons is not given
correctly by Eq. 8 when mµ is substituted for me because it is valid only to leading
order in m2/M2 [Jarlskog and Pilkuhn 1967]. The correct answer is δηµµγ = (0.08±
0.01)% [Landsberg 1985] [Djhelyadin 1980]. Furthermore, the converter method can
not be used because a radiation length for muons is (mµ/me)
2 = 42727 times as large
as Xo, the radiation length for e
± and γ. In fact, what I used to say in the 1970’s
is still valid today ”all those who try to measure direct leptons become the world’s
experts on η Dalitz decay” [Jane 1975].
4.2.2 A final obstacle, then publication.
The last possible background source was the decay of the vector meson φ → e+e−
with the cross section σφ = 1.1σpi0 . Such copious φ production should be easy to
detect via the principal decay mode K+K−, so we removed the Cerenkov counter
from the trigger in ‘arm2’ and made a short run looking for charged hadron h+ + h−
pairs with pT > 1.6 GeV/c. We didn’t find any and set a limit σφ =≤ 0.4σpi0 to 90%
confidence which implied that the possible φ contribution was less than 0.25 to 0.5
the observed single e± signal. The result was that the direct single e± cross section
in the range 1.6 < pT < 4.7 GeV/c at
√
s = 52.7 GeV is (1.2 ± 0.2) × 10−4 that
of the pi± cross section (Fig. 5b) [Bu¨sser 1974]. We submitted the publication on 28
October 1974 but of course we had spent the time since the ICHEP in July 1974
trying to find the e± that was balancing the pT of the observed e± spectrum in the
opposite spectrometer ‘arm1’, but didn’t find any thing. However, we did find out
the answer two weeks later with the ‘November revolution’ in particle physics caused
by the discovery of a new “heavy particle J with mass m = 3.1 GeV/c2 and width
approximately zero” [Aubert 1974] in p+Be collisions at the BNL-AGS (Fig. 6a)
simultaneously with the same particle except called Ψ in e+ + e− → hadrons in the
storage ring (SPEAR) at SLAC [Augustin 1974].
4.3 Charmonia—the November Revolution that made everybody believe in
partons
4.3.1 First: new proposals, new results
CERN went into a frenzy over the J/Ψ discovery [Russo 1996a] as did the individual
experiments. Within another 2 weeks, just in time for a “second narrow resonance”
the Ψ ′ with m = 3.7 GeV/c2 to be discovered at SLAC [Abrams 1974], two proposals
for new e+e− measurements from members of CCRS were submitted to the ISRC.
Also in this interval CCRS found the reason why we didn’t find anything balancing
our single e± in the opposite spectrometer: a computer bug in ‘arm1’ that rejected
tracks in the entire H hodoscope rather than just near the spaces between counters.
In fact in the CCOR proposal [CCOR 1974] there were 7 e+e− events shown of which
4 clustered near mee = 3 GeV/c
2. The issue of why there were two proposals from
CCRS members is also interesting.
In May 1973, the CCR part of CCRS had made a proposal [CCOR 1973]3 for a to-
tally new detector with much larger solid angle than either the original CCR or CCRS
experiments, which was approved in March 1974. It consisted of a solenoid magnet
3 Joined by Oxford in January 1974 (CERN/ISRC/73-13 Add. 2).
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a)
b)
c)
Fig. 6. a) AGS J discovery [Aubert 1974]: the mass remains the same with two different
spectrometer settings. b) CCRS plot shown by Amaldi. c) First J/Ψ at CERN [Bu¨sser 1975a].
with a thin aluminum-stabilized superconducting coil, only 1.0 Xo thick, outside of
which were two PbGlass EMcalorimeters, opposite in azimuth, each covering a polar
angle θ = ±30◦ around 90◦ and azimuthal angle φ = ±20◦ around the median plane.
Tracking and momentum measurement of charged particles was accomplished by a
set of cylindrical drift chambers inside the solenoid which covered the full azimuth in
a polar angle range θ = ±37◦ around 90◦. Ironically, the day that the J/Ψ discovery
was announced, November 11, 1974, was the same day that removal of the CCRS
experiment from the ISR intersection region I1 began in order to start building the
CCOR detector.
Immediately after the J/Ψ announcement, the CCRS group together with Pierre
Darriulat’s group started discussing a “mini” experiment to look for the single e±
and e+e− pairs; but quickly couldn’t agree. Thus, CCOR [CCOR 1974] and the new
Darriulat+Saclay group [CERN-Saclay 1974] quickly submitted new proposals to the
ISRC. The CCOR proposal [CCOR 1974] was basically the CCR experiment with
Cherenkov counters added for e± identification and triggering, so was orthogonal to
the approved CCOR experiment [CCOR 1973] and was wisely rejected by the ISRC.
The CERN-Saclay proposal, which was basically CCRS with larger acceptance and
PbGlass EMcalorimeters in both arms, was approved on December 11 and eventually
became the CERN-Saclay-Zurich (CSZ) experiment with a small muon spectrometer
added perpendicular to the e± spectrometers.
4.3.2 Then more work, discussions and publications
Work continued on looking for more e+e− events in CCRS eventually ending in 11
total events. Meanwhile the rest of the CERN physicists were not idle and a series of
Discussion Meetings was held in the CERN auditorium, the most memorable for me
being the one on February 21, 1975: “The new particles: what are CERN experimen-
talists doing?” We in CCRS had the only J/Ψ data and I had collected the events
we had found up to that time and submitted a plot to the ISR coordinator, Ugo
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Amaldi, who gave the ISR presentation. I was sitting in the front row. Carlo Rubbia
(my boss when I was a CERN post-doc in 1965-66) was seated in the second row,
one seat to my left. When Ugo showed the plot (Fig. 6b), Carlo got very excited and
pointed at the event at 3.7 GeV/c2 and asked loudly repeatedly “What is that event
at 3.7, what is that event at 3.7?” We couldn’t really claim that it was the Ψ ′, so I
turned to Carlo and said, “Oh Carlo, you are the expert in one-event experiments.”
It was amazing: laughter filled the auditorium, moving up the rows in a wave until
everybody in the audience (except Carlo) was laughing—very memorable! The CCRS
result was submitted for publication on 22 April 1975 [Bu¨sser 1975a] (Fig. 6c).
4.3.3 OK so we found the J/Ψ (a bit late): was it the source of the single e±?
In addition to the observation of the ‘new particle’ there was an important issue to
address: was the J/Ψ the source of the single e±? The answer was NO as shown in
the final CCRS paper on “Electrons at the ISR” (Fig. 7b) [Bu¨sser 1976b] and also
shown for charged hadron decays in Lederman’s talk [Lederman 1975] (Fig. 7a).
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Fig. 18. The spectrum of single electrons predicted due to the production and decay of the J(3.1) 
for four assumed values of {p~). The J(3.l) cross section corresponding to these values of (p~) 
are given in table 17. Also shown is the charge-averaged invariant cross section for single-electron 
production at x/s = 52.7 GeV from table 11. The three lowest points come from the e/•r ° data, 
and have been renormalized so as to agree with the other data for p~ > 1.3 GeV/c. 
Limits on the cross section of any particles, produced with similar dynamics to 
the J(3.1) and which undergo two-body decays to e+e - or e±v, can be obtained ap- 
proximately from fig. 18 by sliding the (p~) = 1 GeV/c curve until its peak is at the 
appropriate transverse momentum and it fits the single-electron data above the peak. 
The limits thus obtained are given in fig. 19a. Another limit on the productio n of 
electron pairs with mass Mee >~ 4.0 GeV/c 2 is obtained from the fact that no e+e- 
pairs of such high mass were observed in this experiment. This implies a 95% con- 
fidence upper limit of l /3 the J(3.1) cross section (table 17) for the integral of all 
electron pair production from mass Mee of 4.0 to 50.8 GeV/c 2 at c.m.s, energy 
x/s = 52.7 GeV. Similarly, a limit on lower mass e+e - pairs can be obtained from 
fig. 11, which showed no evidence for e+e - pair production with p* /> 1.0 GeV/c • 1 2  in Arm 2 and P~l < 1.0 GeV/c m Arm 1. The acceptance can be calculated with the 
Fig. 7. CCRS direct single e± pT spectrum at
√
s = 52.7 GeV with background from a)(left)
charged hadron decays [Leder an 1975] and b)(center) alculated e± spectrum from J/Ψ
decay with several values of 〈pT 〉 [Bu¨sser 1976b]. c)(right) Best measurement of the J/Ψ
d2σ/dmeedy|y=0 at the CERN ISR [Clark 1978].
Another important issue addressed by CCRS [Bu¨sser 1975a] was the measurement
of the cross section for the reaction:
p+ p→ J(3.1) +X → e+ + e− +X (10)
with result
Bee × dσ
dy
(p+ p→ J +X) = (7.5± 2.5)× 10−33cm2 (11)
averaged over the rapidity acceptance |y| ≤ 0.30. This result at √s ≈ 50 GeV is
two-orders of magnitude larger than the value for the BNL discovery [Aubert 1974]
at
√
s ≈ 7.5 GeV. The reason that CCRS [Bu¨sser 1975a] was able to measure the
cross section was that thanks to Cerenkov counters together with the EMcalorimeter
that allowed a trigger on e± in the range 1.0 ≤ pT ≤ 4.7 GeV/c, the cross section
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could be measured for J/ψ → e+e− for all pTee > 0. This was the first of three such
measurements at the CERN ISR [Bu¨sser 1975a,Clark 1978,Kourkoumelis 1980a] with
similar e± triggers and not repeated at a hadron collider until RHIC [Adcox 2002a]
and eventually CDF at the Fermilab Tevatron [Acosta 2005]. The best measurement
of the J/Ψ at the ISR [Clark 1978] is shown in Fig. 7c.
4.3.4 What are the J/Ψ and Ψ ′?
In less than a month, the J/Ψ was understood to be a narrow bound state of the
‘heavy’ cc¯ charm quarks [Glashow 1970,De Rujula 1975] and was given the name
charmonium [Appelquist 1975]. The quarks were proposed to be bound with a simple
potential (the Cornell potential [Eichten 1975,Eichten 1977]) that incorporated both
the Coulomb and confining forces:
V (r) = −4
3
αs
r
+ σr (12)
where αs is the QCD coupling constant (Eq. 3) and σ represents the string-tension
in a string-like confining potential. Also predictions were made for heavier quarks
Q with stronger binding of QQ¯ leading to ‘a rich assortment of rather narrow reso-
nances’ [Eichten 1977].
4.3.5 The Upsilon; and the ISR recognition problem
It is worth noting that in early 1976 a measurement of p+Be→ e+ + e− + anything
using a 400 GeV proton beam at Fermilab [Hom 1976a] claimed that a “statistically
significant clustering near 6 GeV suggests the existence of a narrow resonance”. This
was made by the Lederman group who suggested that “the name Υ (Upsilon) be given
either to the resonance at 6 GeV if confirmed or to the onset of high-mass dilepton
physics.” This later became known as the oopsLeon when, in a measurement of high
mass µ+ + µ− pairs which allowed a higher data taking rate made possible by the
filtering of most hadrons, the same group [Hom 1976b] observed that “the dimuon
mass spectrum provides no evidence for fine structure above 5 GeV”.
The situation was again reversed following a major redesign of the dimuon ex-
periment, when the real Υ → µ+ + µ−, a narrow resonance at 9.5 GeV, was dis-
covered [Herb 1977] (Fig. 8a). This was a narrow bound state of heavier quarks as
predicted [Eichten 1977] and turned out to be the discovery of the bottom quark b, a
member of a third family of quarks much heavier than the first two families.
This discovery cemented a negative view of the ISR by many CERN physi-
cists [Russo 1996] for missing the discoveries of the c quark (actually quarkonia) and
now the b quark in dilepton production by lower energy but much larger luminosity
conventional fixed target accelerators. They were drawn instead to the new 400 GeV
Super proton Synchrotron (SpS) which started physics operation at the end of 1976
and which ironically made its greatest contributions by being turned into a proton-
antiproton collider in mid 1981. Unfortunately this negative pervasive attitude totally
missed the most important physics contributions of the ISR which were in hadron
physics and which made major contributions to the development of QCD.
Measurements of the Upsilons were also made at the ISR [Angelis 1979b],[Cobb 1977],
[Kourkoumelis 1980a] but the best measurement (Fig. 8b) [Kourkoumelis 1980b] was
more concerned about Drell-Yan production.4 However, the Upsilon measurement
4 Drell-Yan production, or q¯ + q → µ+ + µ− + X is predominantly an electromagnetic
process which measures the q¯ composition of a proton. It is mainly a parton model reaction.
QCD enters only in the next to leading order.
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mµµ
Fig. 8. a) (left) CFS dimuon spectrum [Herb 1977] with Ψ , Ψ ′, Drell-Yan exponen-
tial and Υ indicated. b) (right) ABCSY d2σ/dmeedy|y=0 averaged for √s = 53 and 63
GeV [Kourkoumelis 1980b]
[Kourkoumelis 1980a] did correct an anomalously large value of the cross section
claimed in their previous publication [Cobb 1977].
4.4 The direct single e± are from the semi-leptonic decay of charm particles.
With the J/Ψ issue out of the way, the comprehensive CCRS single e± measure-
ments [Bu¨sser 1976b] remained a very interesting challenge (Fig. 9). The direct-single
e± spectra in the range 1.3 < pT < 3.2 GeV/c were roughly constant at a level of
10−4 of charged pion production at all 5 c.m. energies measured. However, in detail,
the ratio of e/pi increased systematically by a factor of ∼ 1.8 from √s = 30 to 60
GeV[Bu¨sser 1976b] (Fig. 10).
4.4.1 The theorists rise to the occasion.
Although discovered in 1974, it was not until 1976 that the direct single e± were
shown to be from the semi-leptonic decay of charm particles. Of course without the
intervening J/Ψ charmonium discovery, it is unlikely that charm particles would have
been considered. In fact, the first attempt of explaining the CCRS measurements was
by Farrar and Frautschi [Farrar 1976] who proposed that the direct-single-e± were
due to the internal conversion of direct photons with a ratio γ/pi0 ∼10-20%. However
CCRS was able to cleanly detect (and reject) both external and internal conversions,
since there was zero magnetic field on the axis, so was able to set limits excluding
this explanation to less than 6.6% of the observed signal [Bu¨sser 1976b].
The first correct explanation of the CCRS direct-single-e± (prompt leptons) was
given by Hinchliffe and Llewellyn-Smith [Hinchliffe 1976a] as due to semi-leptonic
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Fig. 9. Invariant cross sections of (e+ + e−)/2 (points) at mid-rapidity for 5 values of
√
s
in p+p collisions at the CERN-ISR [Bu¨sser 1976b]. Lines represent a fit of the (pi+ + pi−)/2
British-Scandinavian data [Alper 1975a], multiplied by 10−4
Fig. 10. The ratios (e++e−)/(pi++pi−) and (e++e−)/2pi0 for pT ≥ 1.3 GeV/c as a function
of c.m. energy
√
s from CCRS [Bu¨sser 1976b]. The pi0 data were obtained from the measured
spectra of selected conversions and the pi± from the British-Scandinavan data [Alper 1975a]
(solid points). The two curves shown are fits to the solid points.
decay of charm particles. The predictions from charm decay [Hinchliffe 1976a] are
in excellent agreement with the CCRS data [Bu¨sser 1975b] submitted to the SLAC
conference as shown in Fig. 11a. A similar explanation was published by Maurice
Bourquin and Jean-Marc Gaillard [Bourquin 1976], two experimentalists, who com-
pared the measured e/pi ratios to a cocktail of all known leptonic decays including
“Possible contributions from the conjectured charm meson...” (Fig. 11b). It is inter-
esting to note the usage of “conjectured” because it seems that this was the notation
for D+ and D0 charm mesons from the first SLAC paper which failed to find open
charm [Boyarski 1975] a year before it was actually discovered at SLAC in August
1976 [Goldhaber 1976].
Something important to note about the charm calculations [Hinchliffe 1976b],
[Bourquin 1976] and clearly shown in Fig. 11b is that neither calculation could fit the
data points for pT < 1 GeV/c at 30
◦ from the CHORMN experiment [Baum 1976]
at the ISR. The important issue from a historical perspective is that many experi-
ments not designed for the purpose wanted to get into the prompt-lepton act, which
resulted in questionable (i.e. incorrect) results, and this is only one example. See
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Fig. 3. Data from ref. [22]. CurVes: as for (b) in fig. 2. 
PT ~ 0 (e.g. at ISR energies with D(1.8) -~ Key we 
get (e)px<O.4/(zr)pT<O. 4 ~ 0.7 X 10 -4  at 90 °, x = 0). 
However, our calculated (e)/6r) falls much faster with 
x than any of  the data e.g. it is an order of  magnitude 
below the 300 GeV data at x = 0.3 and a factor of  
fifty too small at x = 0.5, a result Which is not very 
sensitive to M D or to the decay spectrum since p and 
co dominate. The reason for this difficulty at large 
x e is that Xparent = Ax e with, typically, A ~ 1.15 for 
two body decays and A ~ 2 for D -+ Key. Combined 
with the rapid change o f y  as a function o f p  T at fixed 
x for the pion (which is the origin of  the "seagull 
effect" of  ~pT ) increasing with x, assuming factoriza- 
tion in y and PT) this has a dramatic effect on e/n 
since 
2 2 
Ayparem = lyp --YPmaxl ~ \ Axd~/2 
is generally much smaller than 
2 2 
in ~ M~r +PT 
the effect being much bigger for the D than for the 
p and co contributions. With the alternative assumption 
of  factorization in x and PT, which is certainly incor- 
rect in detail, we are somewhat better off  but still fail 
to fit the data by an order of  magnitude. 
Remarks on these large x data: 
1) The e/n ratios of  order 10 -4  reported at x = 0.3, 
Plab = 300 GeV and at x = 0.45, Plab = 28 GeV are a 
potential source of  trouble for any parent ~ daughter 
model(including those employing virtual photons) 
unless the parem to pion ratio increases with x, as 
may happen for virtual photons in a patton picture; 
using our formulae to produce ad-hoc parents (P) with 
two body decays, we find a~too rapid decrease with 
x unless Mp < 500 MeV. 
2) It might be thought that Fermi motion could 
have a big influence by smearing in x and PT ; these 
experiments were done on uranium and copper. This 
is not the case, the relevant variables, PT Ic.m. and x, 
are not effected by Fermi motion to first approxima- 
tion. Nevertheless we wrote a Monte Carlo programme 
which produced t9, co, ff and D their daughter lep- 
tons from Fermi moving nucleons and learned that the 
effects are not more than 20%. 
To summarise: the general features of  the data in 
the central region are susceptible to a "charm" inter- 
pretation(apart  from the unpublished Penn-Stony-  
brook result) but the large x data are extremely hard 
to understand in terms of  charm and vector meson 
contributions alone (perhaps virtual photons play an 
unexpectedly important role at large x or vector meson 
production has an unexpected x dependence). Leaving 
this aside, we finish by discussing some of  the impli- 
cations of  this interpretation: 
1) With the normalization we have adopted, we find 
the following values for B (rpp_.D (in units of 10 -30 
cm2). 
D(2 .2 )~Kev  D(1.8)-~Kev D(1 .8)~K*ev  
V~ -= 23.8 3.1 7.4 18 
x/~ = 53.1 5.3 12 30 
2) These large values (close to the limit of  (e/n)ma x 
X O~r), combined with the limit [29]. 
F(D ~ Kit) °NN~D P(D-~all) < 5 ×1 0  -32 cm 2 
for 200 GeV neutrons would imply an amazingly small 
branching ratio into Kn (as do the SPEAR data [30] 
if D's are produced there). 
474 
Fig. 11. a)(left) CCRS e/pi in two spectrometer arms at two values of
√
s [Bu¨sser 1975b]
with prediction, see Ref. [Hinchliffe 1976a] for details. b) (right) Bourquin-
Gaillard [Bourquin 1976] calculation of a cocktail of decays to the e/pi ratio.
Ref. [Bourquin 1976] for more details. This led to the unfortunate situation that later
papers about charm ignored the many disagreeing ISR measurements of the direct-
single-e± from charm, which were essentially ridiculed, or in the case of the original
CCRS discovery [Bu¨sser 1976b] downplayed in review articles [Fabjan 2004]; or ig-
nored [Tavernier 1987] because it was published before either charm or the J/Ψ were
discovered so there is no reference to the word “charm” in the publication.
Later experiments at the CERN-ISR using the upgraded Split Field Magnet were
designed for a program of heavy flavor searches. The CCRS direct e± measurement
at
√
s = 62.4 GeV was confirmed by a well designed single e± experiment performed
by the Zichichi group [Basile 1981]. Also the first direct evidence of charm hadron
production in hadron interactions was the observation at the CERN-ISR of the charm
D+ meason via its D+ → K+pi+pi− decay by the CCHK xperiment [Drijard 1979].
4.4.2 Why do I dwell on charm at the CERN-ISR?
One reason is the lack of recognition in the charm literature as noted. However the
main reason is that the measurement of charm by direct single e± in p+p and Au+Au
collisions [Adare 2007a] 30 years later at the Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory (BNL) was one of the principal observations
that led to the discovery of the Quark Gluon Plasma and the conclusion that it was
a perfect liquid with a viscosity to entropy density ratio “intriguingly close to the
conjectured quantum lower bound” 1/4pi [Kovtun, Son and Starinets 2005].
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5 QCD meets high pT 1977-1979
It wasn’t until 1977 that QCD was applied to hard-scattering with the first theoretical
calculations of the basic equations for the elementary QCD subprocesses at leading
order [Combridge 1977] [Cutler 1978] [Fritzsch 1977]. However the first application
of “asymptotic freedom (AF)” to “wide-angle hadronic collisions” was in 1975 in a
publication [Cahalan 1975] with an incorrect conclusion; but with an improved xT
scaling formula, that experimenters liked, which included the evolution effects of “AF”
and is still in use at present.
5.1 Improved xT scaling.
The incorrect conclusion of Ref. [Cahalan 1975] was that “single vector gluon ex-
change contributes insignificantly to wide angle hadronic collisions”; but, in my hum-
ble opinion, they may have been overly influenced by at least one author of the
original (BBG) xT scaling [Blankenbecler 1972]. This is based on an acknowledge-
ment in Ref. [Cahalan 1975]:“Two of us (J. K. and L. S.) also thank S. Brodsky for
emphasizing to us repeatedly that the present data on wide-angle hadron scattering
show no evidence for vector exchange”.
Nevertheless the new xT scaling formula, which introduced the “effective index”
neff(xT ,
√
s) to account for ‘scale breaking’ (i.e. QCD evolution):
E
d3σ
dp3
=
1
p
neff (xT ,
√
s)
T
F (xT ) =
1
√
s
neff (xT ,
√
s)
G(xT ) where xT ≡ 2pT√
s
(13)
was very useful in understanding the next round of high pT measurements.
5.2 Second generation high pT measurements
The second generation of high pT experiments at the CERN-ISR straightened out
the n = 8 issue of the first round of experiments (recall Fig. 4) and made good use of
Eq. 13. The CCOR experiment presented their first results (Fig. 12) [Angelis 1978]
together with data and a fit from a previous CCRS measurement [Bu¨sser 1976a] that
had an order of magnitude more data than the original CCR and Saclay-Strasbourg
measurements. Thanks to further increased integrated luminosity and acceptance, the
CCOR data [Angelis 1978] extended another 4 orders of magnitude in cross section
to pT ≈ 14 GeV/c. The CCRS fit, Ae−bxT /pnT , to their data at all three
√
s with
n = 8.6 and b = 12.5 (shown as dashed lines on Fig. 12) works in the CCRS pT range
but fails badly for pT > 7 GeV/c and remains well below the CCOR data out to
pT ≈ 14 GeV/c.
5.2.1 xT scaling with neff(xT,
√
s)
xT scaling fits to the CCOR data in Fig. 12 for
√
s = 53.1 and 62.4 GeV [Angelis 1978]
confirmed the validity of the idea that neff is a function of xT and
√
s with results
neff = 8.0 ± 0.4 for the pT interval 3.7 < pT < 7.0 GeV/c and neff = 5.13 ± 0.14 for
7.5 < pT < 14.0 GeV/c. The variation of neff with xT and
√
s is easier to observe
with a log-log plot of the invariant cross section σinv = Ed3σ/dp3 vs xT (Fig. 13a)
where neff can be read off by inspection:
neff(xT ,
√
s1,
√
s2) =
ln
[
σinv(xT ,
√
s1)/σ
inv(xT ,
√
s2)
]
ln
[√
s2/
√
s1
] . (14)
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Fig. 12. Invariant pi0 cross sections Ed3σ/dp3 vs pT for
√
s indicated [Angelis 1978]. Open
points and dashed lines are data and fit are from a previous measurement [Bu¨sser 1976a]
a)
b)
c)
d)
Fig. 13. [Angelis 1978] a)log-log plot of CCOR pi0 invariant cross section Ed3σ/dp3 vs xT
for 3 values of
√
s; (b) neff(xT ,
√
s1,
√
s2) from (a). [Kourkoumelis 1979a] c) pi
0 cross section
vs pT from ABCS at
√
s = 62.4 GeV with some other pi0 measurements from the ISR; d)
neff(xT , 52.7, 62.4) from ABCS data. Only statistical errors are shown. There are additional
common systematic uncertainties in neff of ±0.33 in (b) and ±0.7 in (d).
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The fact that the data for
√
s = 53.1 and 62.4 GeV are essentially parallel for xT ≥ 0.3
in Fig. 13a indicates that neff ≈ 5 is roughly constant in this range as shown in
Fig. 13b, where all the point by point calculated neff(xT ,
√
s1,
√
s2) are plotted. Also
the increase in the spacing in Fig. 13a for xT ≤ 0.2 compared to xT ≥ 0.3 indicates
the region where neff(xT , 53.1, 62.4) ≈ 8. An interesting observation about the fact
that neff ≈ 5 for xT ≥ 0.3 is that this value is now close to the value neff = 4,
originally expected by BBG [Blankenbecler 1972] for QED or vector gluon exchange
(Section 3.2), but modified by the scale breaking from QCD evolution as suggested
by Ref. [Cahalan 1975].
Another nice feature of xT scaling for experimentalists is that in the calculation
of neff(xT ,
√
s1,
√
s2) from Eq. 14 the systematic uncertainty in the absolute value of
the pT scale cancels, which eliminates the dominant source of experimental system-
atic uncertainty. This is nicely illustrated by the pi0 measurements from another ‘sec-
ond generation’ ISR experiment [Kourkoumelis 1979a] based on liquid-argon–Pb plate
calorimeters of high spatial resolution and large solid angle acceptance (Fig. 13c). No-
tably, the pi0 cross-sections from ‘this experiment’ and ‘Ref.4’ (CCOR) [Angelis 1978]
disagree by a large factor ≈ 3 for pT ≥ 7 GeV/c but the values of neff(xT , 53.1, 62.4)
(Fig. 13d) are in excellent agreement with the CCOR values (Fig. 13b).
5.3 First theoretical calculations of pion pT spectra using QCD: 1978
The first calculations of inclusive high pT pion cross sections using QCD were per-
formed by Owens, Reya and Glu¨ck [Owens 1978a] (Fig. 14a) and Feynman, Field and
Fox (FFF) [Feynman 1978] (Fig. 14b). Figure 14a shows all the QCD subprocesses
Fig. 14. a) (left) QCD calculation [Owens 1978a], with subprocess contributions shown,
compared to preliminary CCOR pi0 measurements [Pope 1978]. QCD calculations including
the kT effect: (b) (center) Feynman Field and Fox [Feynman 1978] and (c) (right) Owens and
Kimel [Owens 1978b] compared to CERN-ISR and Fermilab pion measurements indicated.
that go into the calculation; but the total, which fits the data well for pT > 5 GeV/c,
falls below the data for pT < 5 GeV/c. Note that the data are preliminary results
of CCOR [Pope 1978] which agree with the final publication [Angelis 1978] shown in
Fig. 12. The FFF calculations in Fig. 14b follow the BS [Alper 1975b] (pi+ + pi−)/2
and CCRS pi0 [Bu¨sser 1976a] measurements at
√
s = 53 GeV/c, as well as
√
s = 19.4
GeV/c measurements from Fermilab, from pT ≈ 7 GeV/c down to pT ≈ 2 GeV/c
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because the effect of kT smearing was included. kT , the transverse momentum of a
parton in a nucleon, had been introduced by FFF the previous year [Feynman 1977]
to explain ISR measurements of two-particle correlations which will be discussed in
detail in a later section. A second calculation by Owens [Owens 1978b] which included
the kT effect also fit the CCRS [Bu¨sser 1976a] data down to pT = 3 GeV/c.
These calculations all assume that high pT particles are produced from states
with two roughly back-to-back jets which are the result of scattering of a parton
from each nucleon. The calculations require the purely theoretical elementary QCD
subprocesses plus other quantities which must come from measurements. It is also
important to understand the kinematics of parton-parton scattering and the definition
of the various kinematic quantites. These are given in the Appendix (section 14).
6 Elements of QCD for Experimentalists
QCD calculations at the parton level are relatively straightforward. For example con-
sider the scattering:
a+ b→ c+ d
where a and b are incident partons with c.m. energy
√
sˆ that scatter elastically through
angle θ∗, with 4-momentum-transfer-square:
Q2 = −tˆ = sˆ (1− cos θ
∗)
2
. (15)
The QCD cross section for this subprocess is simply:
dσ
dtˆ
∣∣∣∣
sˆ
=
piα2s(Q
2)
sˆ2
Σab(cos θ∗) ; (16)
where the elementary QCD subprocesses involving quarks (q) and gluons (g) in
hadron-hadron collisions and their characteristic angular distributions [Combridge 1977]
[Cutler 1978] Σab(cos θ∗) are enumerated in Fig. 15a-h.
6.1 The Elementary QCD Subprocesses
At the elementary level, the lowest order QCD Born diagrams, shown in Fig. 15-
(right), are analogous to the QED processes of Møller, Bhabha and Compton scat-
tering indicated; and tests of their validity would be quite analogous to the studies
of the validity of Quantum Electrodynamics (QED) which occupied the 1950’s and
1960’s [Brodsky 1970]. The tˆ and uˆ channels and sˆ and tˆ channels are indicated for
the qq and q¯q diagrams respectively. It is important to note that the diagrams in
the dashed box are unique to QCD since the gluons carry color charge and interact
with each other while the photons in QED do not carry electric charge and so do not
self-interact.
Although the different combinations of sˆ, tˆ and uˆ for the cross sections in Fig. 15a-h
may at first seem to be formidable, it can be seen by substituting tˆ = −sˆ(1−cos θ∗)/2,
uˆ = −sˆ(1 + cos θ∗)/2, that indeed the Σab(cos θ∗) are nothing other than angular
distributions. For example, for qq′ → qq′ Fig. 15a:
Σqq
′
(cos θ∗) =
4
9
sˆ2 + uˆ2
tˆ2
=
4
9
[(
2
1− cos θ∗
)2
+
(
1− cos θ∗
1 + cos θ∗
)2]
(17)
However, bringing Eqs. 16 and 17 to the p+p collision level leads to complications.
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a)
qq￿ → qq￿
q¯q￿ → q¯q￿
4
9
sˆ2 + uˆ2
tˆ2
b) qq → qq 4
9
 sˆ2 + uˆ2
tˆ2
+
sˆ2 + tˆ2
uˆ2
− 8
27
sˆ2
uˆtˆ
c) q¯q → q¯￿q￿ 4
9
tˆ2 + uˆ2
sˆ2
d) q¯q → q¯q 4
9
 sˆ2 + uˆ2
tˆ2
+
tˆ2 + uˆ2
sˆ2
− 8
27
uˆ2
sˆtˆ
e) q¯q → gg 32
27
uˆ2 + tˆ2
uˆtˆ
− 8
3
uˆ2 + tˆ2
sˆ2
f) gg → q¯q 1
6
uˆ2 + tˆ2
uˆtˆ
− 3
8
uˆ2 + tˆ2
sˆ2
g) qg → qg − 4
9
uˆ2 + sˆ2
uˆsˆ
+
uˆ2 + sˆ2
tˆ2
h) gg → gg 9
2
3− uˆtˆ
sˆ2
− uˆsˆ
tˆ2
− sˆtˆ
uˆ2

Fig. 15. a)-h) (left) Hard scattering subprocesses in QCD [Combridge 1977] [Cutler 1978]
for quarks q and gluons g where the q′ indicates a different flavor quark from q, with their
lowest order cross section angular distributionΣab(cos θ∗) as defined in Eq. 16. (right) Lowest
order diagrams involving initial state q and g scattering.
6.2 p+p hard-scattering in QCD
The overall hard-scattering cross section A + B → C + X (Fig. 16) in “leading
A 
B 
a 
b 
c 
d 
C 
€
faA (x1) D cC /
€
fbB (x2) D dD /
€
dσ
dˆ t X 
Fig. 16. Sketch (inspired by Fig. 3 of [Feynman 1978]) of the reaction of initial colliding
particles A+B producing a particle C in the final state where X represents all other particles.
logarithm” pQCD is the sum over parton reactions a+ b→ c+ d (e.g. g+ q → g+ q)
at parton-parton center-of-mass (c.m.) energy
√
sˆ as given in Eq. 18 [Owens 1987]
d3σ
dx1dx2d cos θ∗
=
sd3σ
dsˆdyˆd cos θ∗
=
1
s
∑
ab
fAa (x1)f
B
b (x2)
piα2s(Q
2)
2x1x2
Σab(cos θ∗) (18)
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where fAa (x1), f
B
b (x2), are parton distribution functions (PDF), the differential prob-
abilities for partons a and b to carry momentum fractions x1 and x2 of their respec-
tive protons (e.g. u(x2)), and where θ
∗ is the scattering angle in the parton-parton
c.m. system. The parton-parton c.m. energy squared is sˆ = x1x2s, where
√
s is the
c.m. energy of the p+p collision. The parton-parton c.m. system moves with rapidity
yˆ = (1/2) ln(x1/x2) in the p+p c.m. system. The quantities fa(x1) and fb(x2), the
“number” distributions of the constituents, are related (for the electrically charged
quarks) to the structure functions measured in e+A lepton-hadron Deeply Inelastic
Scattering (DIS), where A is p or n, e.g.
FA1 (x,Q
2) =
1
2
∑
a
e2a f
A
a (x,Q
2) and FA2 (x,Q
2) = x
∑
a
e2a f
A
a (x,Q
2) (19)
where ea is the electric charge of the quark a.
The transverse momentum of a scattered constituent is:
pT = p
∗
T =
√
sˆ
2
sin θ∗ , (20)
and the scattered constituents c and d in the outgoing parton-pair have equal and
opposite momenta in the parton-parton (constituent) c.m. system. A naive exper-
imentalist would think of Q2 = −tˆ for a scattering subprocess and Q2 = sˆ for a
Compton or annihilation subprocess.
Equation 18 gives the pT spectrum of outgoing parton c, which then fragments
into a jet of hadrons, including e.g. pi0. To go to the particle level the fragmentation
function Dpi
0
c (z) which is the probability for a pi
0 to carry a fraction z = ppi
0
/pc
of the momentum of outgoing parton c must be multiplied in along with its dif-
ferential dz. Equation 18 must be summed over all subprocesses leading to a pi0 in
the final state weighted by their respective fragmentation functions. In this formu-
lation, fAa (x1), f
B
b (x2) and D
pi0
c (z) represent the “long-distance phenomena” to be
determined by experiment; while the characteristic subprocess angular distributions,
Σab(cos θ∗) (Fig. 15) and the coupling constant, αs(Q2) = 12pi25 ln(Q2/Λ2) , are funda-
mental predictions of QCD [Combridge 1977] [Cutler 1978] for the short-distance,
large-Q2, phenomena. When higher order effects are taken into account, it is neces-
sary to specify factorization scales µ for the distribution and fragmentation functions
in addition to renormalization scale Λ which governs the running of αs(Q
2). As noted
above, the momentum scale Q2 ≈ p2T for the scattering subprocess, while Q2 ≈ sˆ for
a Compton or annihilation subprocess, but the exact meanings of Q2 and µ2 tend to
be treated as parameters rather than as dynamical quantities.
7 Direct single photon production, the most elegant QCD reaction
Direct single photon (γ) production with a ratio γ/pi0 ∼ 10 − 20% [Farrar 1976]
was one of the first proposed explanations of the direct single e± discovery at the
ISR but was excluded with 95% confidence level to γ/pi0 < 5% for pT > 1.3 GeV/c
[Bu¨sser 1976a] 1.
7.1 Direct-γ QCD elementary subprocesses: 1977
The first QCD calculation of direct-γ production, “the inverse QCD Compton Effect”,
via the constituent reaction g+q → γ+q was presented by Fritzsch and Minkowski in
1977 [Fritzsch 1977]. This reaction has many beautiful aspects as a hadronic probe.
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1. The γ-ray participates directly in the hard-scattering and then emerges freely and
unbiased from the reaction, isolated, with no accompanying particles.
2. The energy of this outgoing parton (the γ-ray) can be measured precisely.
3. No fragmentation function is required for Eq. 18.
4. Since there are many fewer q¯ in a nucleon than quarks or gluons, the g+q reaction
dominates so that the parton opposite the γ-ray is most likely a quark.
5. The scattered quark has equal and opposite transverse momentum to the direct-γ,
so the transverse momentum of the jet from the outgoing quark is also precisely
known (modulo kT ).
The cross-section for the elementary QCD subprocess, g + q → γ + q is simply:
dσ
dtˆ
∣∣∣∣
sˆ
=
piαs α e
2
q
3 sˆ2
(
sˆ+ tˆ
sˆ
+
sˆ
sˆ+ tˆ
)
, (21)
Using the same argument as item 4 above, the QCD cross-section for the reaction
A+B → γ + q with the direct-γ produced at rapidity yc with pT , and the quark-jet
at yd with pT is analytical:
d3σ
dp2T dyc dyd
= x1GA(x1)F2B(x2)
piααs(Q
2)
3sˆ2
(
1 + cos θ∗
2
+
2
1 + cos θ∗
)
+ F2A(x1)x2GB(x2)
piααs(Q
2)
3sˆ2
(
1− cos θ∗
2
+
2
1− cos θ∗
)
(22)
where
cos θ∗ = tanh
(yc − yd)
2
x1,2 = xT
e±yc + e±yd
2
√
sˆ = 2pT cosh
(yc − yd)
2
. (23)
Here F2(x,Q
2) is the sum of the PDF’s over all the quarks and anti-quarks (predom-
inantly u and d) in the nucleons or nuclei A and B and G(x,Q2) is the gluon PDF
which is the principal theoretical problem in the calculation since it is the least well
known. However, the main difficulty with the measurement of direct photon produc-
tion is experimenatal: a huge background from the decays pi0 → γ+γ and η → γ+γ.
7.1.1 Rγ , ‘the double ratio’ for signal/background
For measurements at mid-rapidity, the pi0 cross section is typically a power law with
dσ/pT dpT ∝ p−nT . In this case the pT spectrum of the background γ rays from
pi0 → γ + γ relative to the pi0 spectrum is given by the simple expression [Ferbel 1984]1:
γ
pi0
∣∣∣
pi0
=
2
n− 1 =⇒
γ
pi0
∣∣∣
bkg
≈ 1.19× 2
n− 1 (24)
where (γ/pi0)bkg includes the η → γ + γ background (η/pi0 ≈ 0.5 for pT > 3 GeV/c
with η → γ + γ branching ratio 0.38 [Bu¨sser 1975c]).
Generally, the background is calculated using Monte Carlo calculations including
efficiency, acceptance, etc. However the signal/background ratio is best presented by
the double ratio:
Rγ =
(γ/pi0)Measured
(γ/pi0)Background
≈ γMeasured
γBackground
(25)
because the calculated background in the form (γ/pi0)Background can be checked by
comparison to Eq. 24. Rγ > 1.0 indicates a direct-γ signal.
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7.2 Experimental results
As in many reactions studied for the first time, the experimental results at the
ISR, where direct-γ were eventually discovered, started with an incorrect measure-
ment [Darriulat 1976a] while other early experiments set limits using low mass e+e−
pairs1. The first correct results from an experiment specifically designed to detect
real single photons at the ISR [Amaldi 1979] set a 95% confidence upper limit of
γ/pi0 < 4% for 2.3 ≤ pT ≤ 3.4 GeV/c.
The first experiment to actually correctly claim the observation of a signal for
direct-γ/pi0 ≈ 0.2 for pT ≥ 4.5 GeV/c and generally given credit for the discovery of
direct-γ production was the measurement by the AABC experiment [Diakonou 1979]
a modification of the ABCS experiment using the high resolution calorimeters which
could resolve the two γ’s from pi0 decay. The first measurement of the direct-γ cross
section was by CCOR [Angelis 1980a] who could not resolve the two γs in a cluster
but instead measured the fraction of clusters of a given pT that would pass through
the 1.0 radiation length thin-wall of the superconducting solenoid without making a
conversion(47% for a single γ and ≈ 20−24% for 2 or more γ rays in the cluster). This
led to a large systematic uncertainty which was not too bad for 9 ≤ pT ≤ 13 GeV/c
(Fig 17a). The cross-sections in this region were in surprisingly good agreement with
the final AABC (R806) results (Fig 17b) [Anassontzis 1982] as discussed in detail
by [Ferbel 1984]. The final ISR direct-γ measurement [Angelis 1989] also includes a
summary of the previous measurements, which are all in impressive agreement over
the range 4 ≤ pT ≤ 13 GeV/c as shown in Fig 17c.
Fig. 17. Inclusive direct-γ cross sections at
√
s = 63 GeV: a)(left) CCOR [Angelis 1980a]
(dashed lines are systematic uncertainty), b)(center) R806 [Anassontzis 1982] (lines are QCD
calculations [Contogouris 1981]), c) (right) CMOR [Angelis 1989].
7.2.1 Theoretical predictions of direct-γ data show that QCD really works.
The theoretical predictions of direct-γ cross-sections lagged behind the experimen-
tal measurements because the gluon structure functions (PDF), G(x,Q2), in deeply
inelastic e+p or neutrino scattering are not measured directly as are the quark
PDF’s, F2(x,Q
2), but are measured via the scaling violations, the Q2 evolution
of F2(x,Q
2) [Abramowicz 1982]. In fact, the first attempted direct measurement of
G(x,Q2) was made at the ISR by the AFS experiment [Akesson 1987] with measure-
ments of direct-γ+jet, both at mid-rapidity, solving Eq. 22 for xG(x) (Fig. 18a).
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It is interesting and informative to skip ahead to the present, where next-to-
leading-order QCD calculations using the latest PDF’s as well as “joint resumma-
tion of both threshold and recoil effects due to soft multigluon emission” are in
excellent agreement with all existing direct-γ measurements at the time of publi-
cation [Aurenche 2006] (Fig. 18b.)
Fig. 18. a)(left) xG(x) [Akesson 1987] compared to [Abramowicz 1982] dashes. b)(right)
Plot of all direct-γ Ed3σ/dp3 measurements in p+p and p¯+p collisions circa 2006 compared
to “JETPHOX” NLO QCD predictions [Aurenche 2006].
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Fig. 19. a)(left)
√
s
neff × Ed3σ/dp3, as a function of xT = 2pT /√s, with neff = 4.0, for
direct-γ measurements in p+p and p¯-p experiments at the (
√
s GeV) indicated. [Adare 2012].
b)(right) same as (a) with neff = 4.5
From the experimental point of view, a better illustration of QCD in action is
given by the xT scaling of all the existing direct-γ measurements (Fig. 19). For xT
scaling with neff=4.0 (the parton model) QCD non-scaling is visible; but xT scaling
with neff=4.5 accounts for the non-scaling evolution which is a key element of QCD .
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8 Two-particle correlations.
It was natural for the experiments that had searched for single leptons and lepton-
pairs at mid-rapidity but were overwhelmed by pions at large pT to look for what
was balancing the pT of the pions: an outgoing parton with opposite pT , as described
by Bjorken [Bjorken 1971] [Bjorken 1973], that fragmented into a collimated group
of particles, “a jet” with a configuration like ordinary particle production e.g. e−6p
′
T
where p′T is perpendicular to the outgoing parton. In this case, the jets should be
coplanar with the beam direction and balance transverse momenta. Viewed down the
beam axis, in azimuthal projection (Fig. 20), the events should show strong azimuthal
correlation. Another possibility was balance as required by kinematics [Di Lella 1974].
a
Fig. 20. Sketch of view down the beam axis of dijet event trigged by particle with pTt (circa
1973)
In Fig. 20 the different distribution of fragments in the jet pˆTt, triggered by a
particle with pTt, and the away jet is no accident. Bjorken made a very important
point in his parton scattering prediction, that the single high pT particle used as a
trigger to search for the opposite jet, would carry “a major fraction (60-80%) of the
total trigger parton (or jet) momentum. This is known as “trigger bias” [Jacob 1976]
and is related to the Bjorken parent-child relation [Jacob 1978].
The cross-section for a pion with pTt which is a fragment with momentum fraction
z = pTt/pˆT in a jet from a parton q with pˆT where D
q
pi(z) is the fragmentation function
(e.g ∼ e−bz) is:
d2σpi(pˆT , z)
pˆT dpˆT dz
=
dσq
pˆT dpˆT
×Dqpi(z) =
A
pˆnT
×Dqpi(z) . (26)
The change of variables, pˆT = pTt/z, dpˆT /dpTt|z = 1/z, then gives the joint proba-
bility of the pion with transverse momentum pTt and fragmentation fraction z:
d2σpi(pTt, z)
pTtdpTtdz
=
A
pnTt
× zn−2Dqpi(z) . (27)
Thus, the effective fragmentation function, for a trigger particle with pTt is weighted
upward in z by a factor zn−2, where n is the simple power fall-off of the jet invariant
cross section (Eq. 26). This is the ‘trigger bias’ [Jacob 1976].
The pion pTt distribution is the integral of Eq. 27 over all values of the parton pˆT
from pˆT = pTt, z = 1, to pˆT =
√
s/2, z = xTt, which has the same power n as the
parton pˆT distribution:
dσpi(pTt)
pTtdpTt
=
1
pnTt
∫ 1
xTt
A zn−2 Dqpi(z) dz ≈
constant
pnTt
, (28)
since typically xTt  1, so the integral depends only weakly on pTt. Thus the invariant
pTt spectrum of the pi
0 fragment is a power law with the same power n as the original
parton pˆT spectrum, for pTt 
√
s/2. This is the Bjorken parent-child relation.
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8.1 Two particle correlation measurements 1975-1977.
Historically, at the ISR [Darriulat 1976b,Della Negra 1977], since the trigger bias im-
plied that the pTt of the trigger particle was a reasonable approximation to the pˆT
of the triggered jet, and the away jet would be approximately equal and opposite to
the trigger jet, the transverse momentum of the away particle pTa was decomposed
into components (Fig. 21) of which two are commonly used: one perpendicular to the
trigger plane pout = pTa sin∆φ, and one in the trigger plane:
xE =
−px
pTt
=
−pTa cos(∆φ)
pTt
' pTa/pˆTa
pTt/pˆTt
≈ z
ztrig
. (29)
Fig. 21. Diagram [Darriulat 1976b] of kinematical quantities for pi0-hadron correlations. The
trigger pi0 has momentum ppi0 and transverse momentum p
pi0
Tt . The away hadron momentum
p is broken into four components: i) pout, perpendicular to the scattering plane formed by
the colliding protons and ppi0 ; ii) py parallel to the p+p collision axis in the scattering
plane; iii) pT , not labelled, the component of p transverse to the p+p collision axis; and iv)
px = pT cosφ, opposite to the direction of p
pi0
Tt in the scattering plane, where φ (often called
∆φ) is the azimuthal angle between ppi
0
Tt and pT .
With the assumption that the trigger and away jets balance transverse momenta,
pˆTa = −pˆTt, as assumed in the last step of Eq. 29, the variable xE was thought to
measure the fragmentation fraction z of the away jet from the highly biased trigger jet
with ztrig → 1. It was generally assumed that the pTa distribution of away side hadron
fragments from an away-side parton opposite a single particle trigger with pTt, would
be the same as that from a jet-trigger and follow the same fragmentation function
of partons as observed in e+e− or DIS [Darriulat 1976b] (Fig. 22). Because of the
relatively large trigger bias at ISR energies and small range of 〈ztrig〉, 0.8<∼〈ztrig〉<∼0.9,
it was also assumed that xE scaling [Jacob 1976] would hold, i.e. all xE distributions
measured at different pTt would be the same.
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the e+e - data [17] we plot ~-dN/dz at Ec.m. = 4.8 GeV. All the distributions are summed over positive and negative charges and the error bars are purely statistical. (b) Comparison 
between the x e and the x'  e distributions (see text). (c) Distribution of G(Xe) = x e dN/dx  e. The full line corresponds to 2(1 - Xe), the broken one to 3(1 - Xe )2, both curves are folded with tile experimental resolution. 
The resulting dis t r ibut ion is shown in fig. 14a, for positive and negative particles 
together .  The average p r  o varies f rom 3.3 GeV/c  to 2.3 GeV/c  across the x e range. 
The dis t r ibut ion is s teeply falling with  x e and has an integral o f  0.25 for x e ~> 0.4. 
This means that on the average 25% of  the events have one charged particle which 
nO balances more  than 40% of  the transverse m o m e n t u m  Pt o f  the trigger n 0. 
Also shown in fig. 14a are the dis t r ibut ion in the Feynman  x F variable ( p l / p  max I J. L in the proton-vir tual  pho ton  c.m. system) measured for final state hadrons in deep 
inelastic e lectro p roduc t ion  [17] and a similar dis t r ibut ion in z = P / P m a x  for hadrons 
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Fig. 12. Longitudinal  jet f ragmenta t ion in three different processes: e+e - collisions (full line), 
vp interactions (triangles), and the  present  data (circles). In each case the distr ibution is norma-  
lized to uni ty  in the  interval 0.2 ~< x ee ~< 0.8. 
7. Charge correlations 
Jet fragments of positive charge are found to exceed those of negative charge. 
Such an excess, increasing with transverse momentum, has been previously observed 
in many experiments for inclusively produced pions. We evaluate the ratio R between 
the densities of positively and negatively charged jet fragments in a given PT range. 
This evaluation is performed directly on the raw data, since the detector acceptance 
is known to be charge-independent. The dependence of R on x ° is shown in fig. 13 
for trigger jets. For away-side jets, to reduce the dependence of the evaluation of 
x i on acceptance, we refer it to the transverse momentum of the trigger jet, and 
discard jets having less than 3 GeV/c visible transverse momentum. The result is com- 
pared in fig. 14 with data of the Chicago-Princeton Collaboration [30] on inclusive 
pions. For both trigger jets and opposite-side jets, R increases with the momentum 
fraction in a way similar to that for inclusive pion production. 
We now consider charge correlations among the jet fragments having more than 
b)
Fig. 22. a) xE distribution for pi
0–h correlations with 2.0 < pTt < 4.1 GeV/c and 1.2 <
px < 3.2 GeV/c together with e+p DIS and e
+e− measurements [Darriulat 1976b]. b) jet
fragmentation functions from ν+p (triangles), e+e− (full line) compared to measured p+p
xE distributions [Clark 1979].
These ideas were further clarified by Feynman, Field and Fox [Feynman 1977],
who showed that the away side correlations for a single-particle trigger with pTt
would be roughly the same as the away-s de co relations for a jet trigger with pˆTt =
pTt/ 〈ztrig〉 due to the fact that “the ‘quark’ from which the single hadron trigger
came had a higher pˆTt than did the quark producing the jet trigger (by a factor
of 1/ 〈ztrig〉)”. (Fig 23). The ideas of xE scaling according to a fragmentation func-
tion were supported by later ISR measuremen s but first a c ntemporary experiment
(CCHK) [Della Negra 1977] did not find xE scaling for values of pTt < 4 GeV/c w ich
led to an important discovery.
8.1.1 kT , the transverse momentum of a parton in a proton
The CCHK ex eriment at the CERN-ISR [Della Negra 1977] observed that xE scal-
ing [Jacob 1976] didn’t work in the range 2.0 ≤ pTt ≤ 3.2 GeV/c; i.e. different values
of trigger pTt did not produce a universal xE distribution (Fig. 24a). CCHK also
looked at the pout variable and plotted 〈pout〉 versus xE for triggers in the range
2.0 ≤ pTt ≤ 3.2 GeV/c. They found that the 〈pout〉 increased with increasing xE up
to a maximum value of 〈pout〉 ∼ 0.65 GeV/c (Fig. 24b). The original parton model did
not assign transverse motion to quarks in the proton, only longitudinal x, but it had
been proposed by Levin and Ryskin [Levin 1975] that quarks in the proton lso carry
transverse momentum. This idea, coupled with the lack of xE scaling for pTt < 3
GeV/c, was taken by CCHK [Della Negra 1977] as evidence for the transverse mo-
mentum of quarks inside the proton. Calculations from their parton scattering model
with kT = 0 and 〈kT 〉 = 610 MeV/c are shown in Fig. 24b. This result led Feyn-
man, Field and Fox (FFF) [Feynman 1977] to formally introduce
−→
kT , the transverse
momentum of a parton in a nucleon into their model of parton-p ton scattering.
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Fig. 23. [Feynman 1977]: a)(left) dn/dz|trig plotted vs. z = xE for a single particle trigger
with pTt (dots) and z = zJ = px/pT jet for a trigger by the jet (crosses); b)(right) same plot
except now zJ = 〈ztrig〉xE is plotted for the single particle trigger instead of z = xE .
Fig. 24. a)(left) CCHK [Della Negra 1977] measurement of xE distributions, dn/dxE |pTt ,
for intervals of pTt in the range 2.0–4.0 GeV/c. b) (right) CCHK [Della Negra 1977] mea-
surement of 〈pout〉 versus xE for triggers in the range 2.0 ≤ pTt ≤ 3.2 GeV/c. Also
shown are the predictions of their parton scattering Monte Carlo model with kT = 0 and
dN/kT dkT ∝ e−3kT (with the restriction kT < 5/3 GeV/c).
8.2 The second round of two-particle correlation measurements 1978-1979
The two experiments on two particle correlations at the CERN-ISR discussed above
both used the Split Field Magnet Facility (SFM) [Bilan 1972] which could measure the
momenta of charged particles in nearly the full polar angular range but was optimized
for measurements at forward and backward angles. One experiment [Darriulat 1976b]
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moved their small E.M. calorimeter to mid-rapidity of the SFM transverse to the
beam axis while the CCHK measurement [Della Negra 1977] used only the SFM in a
self-triggering mode at polar angles of 20◦ and 45◦.
The second round of two particle correlations with improved detectors started to
present data in 1978. The BFS collaboration [Albrow 1978] had moved the British
Scandinavian wide angle spectrometer to the SFM at an angle of 90◦ at mid rapidity.
They could trigger on identified charged particles with detection of the associated
charged particles in the Split Field Magnet. The acceptance for associated charged
particles, which was the same as CCHK, covered a rapidity range −4 ≤ y ≤ +4,
with an azimuthal aperture of ±40◦ on the trigger side and ±25◦ on the away side.
This experiment presented one of the most interesting results, a dramatic map of
the two particle correlation function over nearly the full region in rapidity. Figure 25
shows the ratio of the density of tracks with pT > 0.5 GeV/c, as a function of
rapidity y and azimuthal angle φ, from a high pTt trigger with 3 < pTt < 4, GeV/c
located at y = 0 φ = 180◦, relative to minimum bias events (pTt ≥ 0.5 GeV/c with
elastic scattering events removed). They called this ratio, which cancels the effects of
acceptance variation, R+ 1. The main features of Fig. 25 are an increase in the value
Fig. 25. BFS [Albrow 1978] measurement ofR+1, ratio of charged particle track distribution
from a high pT trigger to that from minimum bias events
of the correlation function in a small region in y and φ near the trigger particle and
a much larger increase on the away side, mainly within |φ| < 45◦ (the limit of their
acceptance), but extending in rapidity to |y| ' 3. This illustrates the di-jet coplanar
structure of high pTt triggered events. One can also see a smaller same side correlation
extending out to |y| ' 2.
The CCOR experiment, which was proposed in May 1973 [CCOR 1973] and ap-
proved in March 1974, was installed in the ISR as R108 (8th experiment at In-
tersection 1) at the end of 1976 along with a low β insertion for higher luminos-
ity. It was debugged, tuned-up and started taking data in July 1977. This experi-
ment [Angelis 1979a] with its thin-coil superconducting solenoid and cylindrical drift
chambers was the first at the CERN-ISR to provide charged particle measurement
with full and uniform acceptance over the entire azimuth, with pseudorapidity cov-
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erage −0.7 ≤ η ≤ 0.7, so that the jet structure of high pT scattering could be easily
seen and measured. However, from August to October the liquid He refrigerator was
broken, so the solenoid was turned off and only pi0 measurements in the EMcalorime-
ter could continue [Angelis 1978] (Section 5). The measurements of charged-particles
associated to a pi0 trigger came a few months later (Fig. 26) [Angelis 1979a].
Fig. 26. a,b) Azimuthal distributions of charged particles of transverse momentum pT ,
with respect to a trigger pi0 with pTt ≥ 7 GeV/c, for 5 intervals of pT [Angelis 1979a]: a)
(left-most panel) for ∆φ = ±pi/2 rad about the trigger particle, and b) (middle panel) for
∆φ = ±pi/2 about pi radians (i.e. directly opposite in azimuth) to the trigger. The trigger
particle is restricted to |η| < 0.4, while the associated charged particles are in the range
|η| ≤ 0.7. c) (right panel) xE distributions corresponding to the data of the center panel.
In Fig. 26a,b, the azimuthal distributions of associated charged particles relative
to a pi0 trigger with transverse momentum pTt > 7 GeV/c are shown for five inter-
vals of associated particle transverse momentum pT . In all cases, strong correlation
peaks on flat backgrounds are clearly visible, indicating the di-jet structure which is
contained in an interval ∆φ = ±60◦ about a direction towards and opposite the to
trigger for all values of associated pT (> 0.3 GeV/c) shown. The width of the peaks
about the trigger direction (Fig. 26a), or opposite to the trigger (Fig. 26b) indicates
out-of-plane activity from the individual fragments of jets. If the width of the away
distributions (Fig. 26b) corresponding to the out of plane activity were due entirely to
jet fragmentation, then 〈| sin(∆φ)|〉 = 〈|jTφ |/pT 〉 would decrease in direct proportion
to 1/pT , since jTφ , the component of the jet fragmentation transverse momentum,−→
jT , in the azimuthal plane, should be independent of pT . These data were also fur-
ther analyzed to measure
−→
jT as well as
−→
kT , the transverse momentum of a parton in
a nucleon, as originally shown by the CCHK collaboration [Della Negra 1977], and
elaborated by Feynman, Field and Fox (FFF) [Feynman 1977].
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The xE distributions [Angelis 1979a], [Jacob 1979] from the data of Fig. 26b are
shown in Fig. 26c. The xE scaling is evident for all values of pTt , with the expected
fragmentation behavior, e−6z ∼ e−6xE〈ztrig〉. This figure also showed that there were
no di-jets, each of a single particle, as claimed by another ISR experiment of that
period [Kourkoumelis 1979b], and by Jacob and Landshoff [Jacob 1976], since there
is no peak at xE = 1. There is a small anecdote concerning this measurement and
Maurice Jacob’s talk at the EPS1979 HEP Conference [Jacob 1979]. Maurice was
originally only going to show a plot from the ABCS experiment [Kourkoumelis 1979b]
which appeared to show “a systematic wiggle departure from an exponential...The
wiggle could bear witness to a specific process where the two jets would each only
consist of one high pT pi
0” as he had predicted [Jacob 1976]. I insisted that Maurice
also show Fig. 26c, a plot that I had made with three higher pT points than the
CCOR plot in Ref. [Angelis 1979a], “which challenged the one high pT pi
0 only jet
idea” after I nearly broke the telephone in the ISR counting room when I heard that
Maurice was only going to show the plot with the “wiggle” [Kourkoumelis 1979b].
Even though this period ended with the strong belief [Darriulat 1980] that jet
fragmentation functions from ν+p and e+e− reactions are the same as p+p xE dis-
tributions, with the same dependence of the exponential slope b on pTt or
√
s/2 for
e+e− (Fig. 22b), it turned out that nature had the last laugh. This belief was one
of the very few results from the “high pT discovery period” that did not stand the
test of time. It was discovered at RHIC [Adler 2006], a quarter of a century later,
that the shape of the xE distribution triggered by the fragment of a jet, such as a
pi0 had nothing to do with fragmentation functions but instead measured the ratio of
the away jet to the trigger jet (xˆh ≡ pˆTa/pˆTt) and depended only on the power n of
the invariant single particle high pT cross section:
dP
dxE
∣∣∣∣
pTt
= N (n− 1) 1
xˆh
1
(1 + xExˆh )
n
. (30)
8.3 Measurement of the jet fragmentation transverse momentum, jT, and kT,
the transverse momentum of a parton in a nucleon
Following the idea of Levin and Ryskin [Levin 1975] and CCHK [Della Negra 1977],
Feynman, Field and Fox [Feynman 1977] established the formalism for
−→
kT , the trans-
verse momentum of a parton in a nucleon. In this formulation (Fig. 27), the net
Fig. 27. Azimuthal projection of di-jet with trigger particle pTt and associated away-side
particle pTa, and the azimuthal components jTφ of the fragmentation transverse momentum.
The initial state
−→
kT of a parton in each nucleon is shown schematically: one vertical which
gives an azimuthal decorrelation of the jets and one horizontal which changes the transverse
momentum of the trigger jet.
transverse momentum of an outgoing parton pair, where the two
−→
kT add randomly,
is
√
2kT , which is composed of two orthogonal components,
√
2kTφ = kT , out of the
scattering plane, which makes the jets acoplanar, i.e. not back-to-back in azimuth,
and
√
2kTx = kT , along the axis of the trigger jet, which makes the jets unequal in
energy.
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FFF [Feynman 1977] gave the approximate formula to derive kT from the mea-
surement of pout as a function of xE :
〈|pout|〉2 = x2E [2〈|kTφ |〉2 + 〈|jTφ |〉2] + 〈|jTφ |〉2 . (31)
This formula assumed that 〈ztrig〉 = 1 and that the jet energies are equal.
Fig. 28. [Angelis 1980b] a)(left) CCOR 〈|pout|〉2 versus x2E for nine different data samples.
The crosses are those points used in the fit to Eq. 31. The straight lines shown are obtained
keeping the intercept the same for all nine data samples. b)(right): (top) Fitted values of
〈|jTφ |〉 and
√〈j2T 〉 as a function of pTt . These values were all equal as a function of √s and
constrained to be equal in the fit shown; (bottom) 〈|kTφ |〉 and
√〈k2T 〉 as a function of pTt
for the 3 values of
√
s indicated.
CCOR [Angelis 1980b] used a fit to this formula (Fig. 28a) to derive 〈|kTφ |〉 and
〈|jTφ |〉 as a function of pTt and
√
s (Fig. 28b) from the data of Fig. 26b. This important
result showed that 〈|jTφ |〉 is constant, independent of pTt and
√
s, as expected for
fragmentation, but that 〈|kTφ |〉 varies with both pTt and
√
s, suggestive of a radiative,
rather than an intrinsic origin for kT . Large values of
√〈k2T 〉 ≈ 1 GeV/c were also
reported in other CERN-ISR measurements [Clark 1979],[Kourkoumelis 1979c] but
it took the e+e− people several more years to get jT correct [Althoff 1984] because
they hadn’t understood the “seagull effect” [Satz 1976]: with increased momentum of
fragments in a jet, their momentum transverse to the jet axis also increases until it
reaches its true jT .
9 Multiparticle correlations–the search for jets 1977–1980
The jet searches like many other new measurements, but perhaps the worst in this
regard, started off with a major incorrect claim of the observation of the jets of hard
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scattering at Fermilab. Several fixed target experiments searched for jets using the
energy detected in calorimeters with limited aperture (∆φ = ±45◦, ∆y ≈ ±0.35 to
0.55) at mid-rapidity in the p+p c.m. system. The first claim for discovering the
jets from the “quark-quark scattering model” was by Fermilab E260 [Bromberg 1978]
who found that for
√
s = 19.4 GeV the cross section for the jet, which was defined
by summing all the energy in their calorimeter, was “similar in shape to the single
particle cross section but two orders of magnitude larger.’”
As calorimeters in experiments got larger, the “jet” to single particle ratio kept
getting larger until the jet fiasco ended dramatically when the NA5 fixed target
experiment at CERN, with a hadron calorimeter which covered the full azimuth with
a c.m. polar angular interval 54◦ < θ∗ < 135◦ (∆y ≈ ±0.9) in the p+p c.m. system
at
√
s = 23.8 GeV, presented their results [Pretzl 1980]. The coup de grace was their
conclusion:“The events selected by the full calorimeter trigger show no dominant
jet structure. They appear to originate from processes other than two constituent
scattering.” The actual publication of the NA5 result [De Marzo 1982] was perhaps
even clearer:“The large transverse energy observed in the calorimeter is the result of
a large number of particles with a rather small transverse momentum”.
The problem with the mistaken claim of ‘jets’ was that the difference between sin-
gle particle and multiparticle measurements was not understood. The principal multi-
particle variables are the charge multiplicity distribution dNch/dη and the transverse
energy (ET ) distribution [Landshoff and Polkinghorne 1978] :
ET ≡
∑
i
Ei sin θi , (32)
where the sum is over all particles emitted on an event into a fixed but large solid
angle. The NA5 result [De Marzo 1982] was the first ET measurement in the form
that is still in use at present [Tannenbaum 1989][Adler 2014].
The difference between single and multi-particle distributions is shown in Fig. 29.
Single particle pT distributions (left) follow the e
−6pT [Cocconi 1961] soft physics
particle spectrum until pT ≈ 1−2 GeV/c where the hard-scattering power law begins
to dominate, roughly 2–3 orders of magnitude down in cross section. On the other
Fig. 29. a) (left) Ed3σ(pT )/d
3p for single hadrons at mid-rapidity as a function of
√
s in
p+p and p¯+p collisions [Abe 1988]. b) (right) E0T spectrum at
√
s = 62 GeV [Angelis 1983].
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hand, the spectrum of the neutral transverse energy E0T at
√
s = 62.4 GeV (right)
falls exponentially for ≥ 6 orders of magnitude until the hard scattering component
of the E0T distribution becomes evident by the break from the exponential spectrum.
In the exponential region there was a uniform azimuthal disribution of E0T , with a
dominant 2 jet structure for E0T > 24 GeV [Angelis 1983].
A much clearer separation between “soft” and “hard” physics in such spectra was
determined at the ISR by the AFS collaboration [Akesson 1983] with a full azimuth
EM and hadron calorimeter covering the rapidity range |y| < 0.9. A study of the
event shape as a function of ET , was performed using a principal axis analysis. A
quantity, “circularity”, was defined which would be 1 for a totally uniform azimuthal
distribution of the components of ET and zero if all the ET were in two narrow
jets back to back in azimuth. The distributions (Fig.30) show no evidence of jets for
ET < 25 GeV at any c.m. energy. However for ET > 25 GeV, there is an increase
in low circularity events, leading up to a dominance of low-circularity events from a
two-jet structure for ET ≥ 31 GeV at
√
s = 63 GeV.
Fig. 30. Circularity distributions for bins in ET and
√
s. The error bars are statistical only
[Akesson 1983].
These beautiful measurements from the year 1983 made it clear that the jets
of hard scattering could indeed be observed using ET distributions; but that hard
scattering effects have negligible influence on the shape of ET spectra in proton-
(anti)proton collisions for the first 4, or even 6, orders of magnitude of cross section,
depending on the c.m. energy. However the first convincing evidence of jets and the
validity of QCD as the mechanism for hard-scattering came at the ICHEP1982 con-
ference in Paris.
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10 The final proof of jets and QCD by measurements 1980–1982
The rejection of the Fermilab E260 [Bromberg 1978] jet claim by the observation of
no jets in a better measurement at CERN [Pretzl 1980], presented at the ICHEP1980,
led to confusion in the High Energy Physics community in the U. S. during the period
from the ICHEP1980 to the ICHEP1982. There was no clear understanding of why
the jets of QCD were not observed in the full azimuth calorimeter which led to doubts
by many of the utility and validity of QCD tests in hadron-hadron collisions. To get
an idea of the thinking during this period, I had to give a seminar at my laboratory,
BNL, in March 1982 with the title:“Why I believe in jets in spite of calorimeter
experiments. For QCD tests try to minimize the effect of jets.”
In March 1980, I had moved from the Rockefeller University to BNL to help save
ISABELLE, the
√
s = 800 GeV superconducting p+p collider under construction.
My assignment was to help sort out the problems they were having with the super-
conducting magnets that quenched at a much lower magnetic field than expected.
I described my work in this period in a previous EPJH article [Tannenbaum 2016],
so I’ll skip to March 1982 when I transferred to the BNL Physics Department and
resumed work on the CCOR experiment. One of the problems with the CCOR full
azimuth superconducting solenoid detector was that it did not have any specific elec-
tron identification device like the Cherenkov counters in CCRS, so that in trying to
measure e+e− pairs we had to trigger on clusters with energy > 2.5 GeV in each arm
of our EMcalorimeters (as described in Section 4.3.1). This left us with ≈ 750, 000 pi0
pairs which we decided to analyze in the same way we would analyze e+e− pairs in
the detector, namely the invariant mass Mpipi of the pair, its net Pt and rapidity Y
and cos θ∗ in the c.m. system of the pair.
There were enough events so that we could select pi0 pairs with net Pt < 1 GeV/c
(or Pt < 2 GeV/c for Mpipi > 11 GeV/c
2) and |Y | < 0.35. Then we moved to the
c.m. system of the pair, in which the two pi0 are back to back at an angle cos θ∗,
by the simple rapidity shift y∗ = y − Y (Sec. 14.1) for each pi0. We knew from
FFF [Feynman 1977] that the trigger pi0 had almost the same pTt as the parton pˆTt
〈ztrig〉 ≈ 1.0. Thanks to the full azimuth charged particle tracking we were able to
measure 〈ztrig〉 from our own data by summing over all charged particles within an
azimuthal angle ±60◦ of the trigger in the rapidity range |y| < 0.7, multiplying by 1.5
to account for the missing neutrals [Angelis 1982a]. We noted that the large measured
values of 〈ztrig〉 > 0.9 for Mpipi > 8 GeV/c2 and measured value of 〈|jTy|〉 = 0.44
GeV/c justify the assumption that the axis of the di-pion system in the pair c.m.
system follows closely that of the original parton-parton scattering with
√
sˆ ≈ Mpipi.
These measured cos θ∗ distributions are shown in Fig. 31 and should be able to be
compared directly to the cos θ∗ distributions of the elementary QCD subprocesses in
terms of dσ/d cos θ∗ at fixed sˆ, Eq. 33, easily derived from Eq. 16:
dσ
d cos θ∗
∣∣∣∣
sˆ
=
piα2s(Q
2)
2sˆ
Σab(cos θ∗) . (33)
The effect of 〈|jTy|〉 is negligible, well within the bins in cos θ∗.
In fact the measured distributions for the various Mpipi ≈ sˆ all have the same
shape which we compared directly to the QCD angular distributions from Eq. 33 for
the subprocesses, gg, qg, qq′ and qq elastic scattering [Tannenbaum 1982] also shown
in Fig. 31. The measured distributions are steeper than all the QCD constituent
scattering subprocess distributions with constant αs(Q
2). However once the increase
of the QCD coupling constant αs(Q
2), with decreasing Q2 = −tˆ as cos θ∗ increases, is
taken into account as shown as the dashed curve for qq with αs(Q
2), the measurement
and QCD predictions agree very well. We had this data for two years until Dave
Levinthal and Steve Pordes realized that we had to include the QCD αs(Q
2) evolution.
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Fig. 6.5a. Angular distributions as a function of cos ~(=cos0*) for fixed irir-mass bins at v3 = 62.4 GeV [ANGE821. b. Relative contributions of
valence-quark—valence-quark (qq—qq), gluon—valence-quark (gq—gq) and gluon—gluon (gg—gg, gg—q~)scattering. Curves labelled 1 and 2 use gluon
fragmentation functions proportional to (1— z)2 and (1 — z)3, respectively [ANGE82].
Fig. 31. a) (left 6 panels) CCOR measurement [Angelis 1982a] of polar angular distribu-
tions of pi0 pairs, with Mpipi and net Pt indicated, in p+p collisions at
√
s = 62.4 GeV.
b) (right 2 panels) (top) QCD elementary subprocess angular distributions at fixed sˆ, nor-
malized at 90◦, cos θ∗ = 0, which I showed as an overlay on the 9 ≤ Mpipi ≤ 10 Gev/c2
plot [Tannenbaum 1982]. (bottom) Gu¨nter Wolf’s calculation of Σab(cos θ∗) for qq overlaid
on the CCOR 11 ≤Mpipi ≤ 10Gev/c2 measurement [Wolf 1982].
Fig. 32. Configuration of the UA2 event [Repellin 1982] with the largest value of ΣET , 127
GeV (M = 140 GeV): (a) charged tracks pointing to the inner face of the central calorimeter
are shown together with cell energies (indicated by heavy lines with lengths proportional to
cell energies). (b) the cell energy distribution as a function of polar angle θ and azimuth φ.
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I was lucky enough to present this result [Tannenbaum 1982] at the ICHEP82
meeting in Paris after the session where UA2 [Repellin 1982] revealed their di-jet
LEGO plot measured in a highly segmented total absorption calorimeter covering the
azimuthal range ∆φ = 300◦ with |y| < 1.0. This now famous plot (Fig. 32) clearly
indicated di-jets in collisions at
√
s = 540 GeV, one of the first results at the CERN
Sp¯pS p¯+p collider, which immediately convinced everybody that jets existed.
These two measurements and Gu¨nter Wolf’s outstanding rapporteur talk, in which
he also verified the cos θ∗ calculation with his own overlay plot (lowest right plot
in Fig. 31), convinced all observers, and as the news spread, everybody else, that
QCD and jets were the cornerstone of the Standard Model. Quotes from Gu¨nter’s
proceedings [Wolf 1982] are worth repeating:“Amongst the most exciting results are
the direct measurement of the parton-parton scattering angular distribution and the
observation of very energetic jets at the SPS collider.” “QCD provides a consistent
description for the underlying constituent scattering processes.” Since that time QCD
and jets have become the standard tools of high energy particle physics.
10.1 A few more recent collider results on QCD and jets
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where s is the square of the proton–antiproton total centre-of-mass energy, then it
becomes possible to write∑
A
FA(x) = g(x) +
4
9
[q(x) + q¯(x)] (6)
where g(x), q(x) and q¯(x) are the gluon, quark, and antiquark structure functions
of the proton, respectively. The factor 4/9 in Eq. (6) reflects the relative strength
of the quark–gluon and luon–gluon coup ings in QCD.
The term dσ/d(cos θ∗) in Eq. (5) contains a singularity at θ∗=0 with the familiar
Rutherford form sin−4(θ∗/2) which is typical of gauge vector boson exchange. In
the subpr cesses gg→ gg and qg→ qg (or q¯g → q¯ ) it a ises from the t ree-gluon
vertex. It is also present in the subprocess qq¯ → qq¯, but in this case it would be
present in an Abelian theory as well, as for e+e− scattering in QED.
Figure 12 (left) sho s the cos θ∗ distribution measured by UA153 for jets
with pT > 20GeV/c. Both data nd theoretical c rves for the three dominant
subprocesses are normalised to 1 at cos θ∗ = 0. The UA2 results54 are shown in
Fig. 12 (right), where they are compared with the cos θ∗ distribution predicted
by QCD with no approximation (the UA2 data cover only the range |cosθ∗< 0.6
because of the limited polar-angle interval covered by the UA2 calorimeter).
Both sets of data agree with QCD expectations, and they clearly show the
Fig. 12. (a) Distribution of cos θ∗ for hard parton scattering as measured by UA1,53 normalised
to 1 at cos θ∗ = 0. (b) Distribution of cos θ∗ for hard parton scattering as measured by UA2.54
All QCD subprocesses lie in the area between the two dashed curves. The full line is the QCD
prediction, normalised to the data.
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Fig. 33. a) (left) UA1 cos θ∗ distribution for dijets in p¯+p collisions at
√
s = 540 GeV with
QCD Σab(cos θ∗) calculations [Arnison 1984]. b) (right) My comparison of UA1 p¯ + p and
CCOR p+ p cos θ∗ distributi ns and QCD sub rocesses, November 1983.
When the CERN p¯ + p collider experiments started to publish di-jet angular
distribution measurements compared to QCD constituent scattering subprocess dis-
tributions, e.g. UA1 [Arnison 1984] (Fig. 33a), I made a plot (Fig. 33b) of their data
for
√
s = 540 GeV and the CCOR measurement at
√
s = 62.4 GeV with my calcu-
lations of the QCD qq, gq and q¯q subprocess angular distributions . The p + p data
aligned best with the qq calculation while the p¯+ p data aligned beautifully with the
q¯q calculation for | cos θ∗| ≤ 0.5 which I thought was pretty neat in 1983 but I never
published it.
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Fig. 34. a) (left) D0 [Abazov 2008] inclusive jet cross sections at
√
s = 1.96 TeV as a function
of jet pT in bins of jet rapidity y with NLO pQCD predictions. b) CMS [Chatrchyan 2011a]
measurements at
√
s = 7 TeV (data points) with NLO theoretical predictions.
The relatively recent jet cross section measurements (Fig. 34) as a function of pT
and rapidity at the Fermilab Tevatron in p¯ + p collisions at
√
s = 1.96 TeV and the
CERN LHC p+ p collider at
√
s = 7 TeV agree incredibly well with Next to Leading
Order (NLO) QCD . Note that at mid-rapidity the D0 data follow the typical hard-
scattering power law but drop sharply at large pT and y, due to conservation of
energy. The drop is much weaker at large pT and y for the CMS data because of the
3.5 times larger c.m. energy.
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•  Measure	pout	non-
perturba6ve	momentum	
widths	as	a	func6on	of	ptrigT	
•  Perturba6ve	TMD	evolu6on,	
which	comes	directly	from	
the	generalized	TMD	QCD	
factoriza6on	theorem,	
predicts	increasing	non-
perturba6ve	momentum	
widths	with	hard	scale	of	
interac6on	[Aybat,	Rogers,	
PRD	83,	114042	(2011)]	
Gaussian	and	Kaplan	fits	on	the	data	
Fig. 35. a) (left) Direct-γ-h correlations in
√
s = 200 GeV p+p collisions as a function
of ξ = − lnxE [Adare 2010] b) (right) pout distributions of charged hadrons in pi0 + h and
γ + h correlations with 0.7 < pTa < 10 GeV/c for 7 values of pTt in
√
s = 510 GeV p+p
collisions [Adare 2017].
Recent two-particle correlation measurements at RHIC (Fig. 35) nicely show that
the xE distribution of direct-γ−h correlations plotted as a function of ξ = − lnxE re-
ally does measure the fragmention function as measured in e+e− collisions at
√
s = 14
and 44 GeV [Braunschweig 1990] and that the pout distribution has two components, a
Gaussian likely to be from the intrinsic kT of partons in the nucleon, and a power-law
tail from NLO QCD gluon emission as suggested in [Adare 2017].
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11 Hadron Collider discoveries, not exactly QCD 1983–2012
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3. Event selection and data analysis. The present 
work is based on a four-week period of  data-taking 
during the months of  April and May 1983. The inte- 
grated luminosity after subtraction of  dead-time and 
other instrumental inefficiencies was 55 nb -1  . As in 
our previous work [1], four types of  trigger were 
operated simultaneously: 
(i) An "electron trigger", namely at least 10 GeV 
of  transverse energy deposited in two adjacent elements 
of  the electromagnetic calorimeters covering angles 
larger than 5 ° with respect to the beam pipes. 
(ii) A "muon trigger", namely at least one penetrat- 
ing track detected in the muon chambers with pseudo- 
rapidity Ir~l ~< 1.3 and pointing in both projections to 
the interaction vertex within a specified cone of  aper- 
ture + 150 mrad. This is accomplished by a dedicated 
set of  hardware processors filtering the patterns of  the 
muon tube hits. 
(iii) A "jet trigger", namely at least 20 GeV of  
transverse energy in a localized calorimeter cluster * a. 
(iv) A global "E T trigger", with > 5 0  GeV of  total  
transverse energy from all calorimeters with IrTI < 1.4. 
Events for the present paper were further selected 
by the so-called "express line", consisting of  a set of  
four 168E computers [13] operated independently in 
real time during the data-taking. A subsample of  
events with E T ~> 12 GeV in the electromagnetic calo- 
rimeters and dimuons are selected and writ ten on a 
dedicated magnetic tape. These events have been fully 
processed off-line and further subdivided into four 
main classes: (i) single, isolated electromagnetic clus- 
ters with E T > 15 GeV and missing energy events with 
Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 
[ 1,5] ; (ii) two or more isolated electromagnetic clus- 
ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 
(iii) muon pair selection to find Z 0 ~/a+M - events; 
and (iv) events with a track reconstructed in the cen- 
tral detector,  of  transverse momentum within one 
standard deviation, PT ~> 25 GeV/c, in order to evalu- 
ate some of  the background contributions. We will 
discuss these different categories in more detail. 
4. Events with two isolated electron signatures. An 
electron signature is defined as a localized energy 
a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 
a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 
deposition in two contiguous cells of  the electromag- 
netic detectors with E T > 25 GeV, and a small (or no) 
energy deposit ion (~<800 MeV) in the hadron calori- 
meters immediately behind them. The isolation require- 
ment  is defined as the absence of  charged tracks with 
momenta  adding up to more than 3 GeV/c of  transverse 
momentum and pointing towards the electron cluster 
cells. The effects of  the successive cuts on the invari- 
ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 
e+e - events survive cuts, consistent with a common 
value of  (e+e - )  invariant mass. They have been care- 
fully studied using the interactive event display facil- 
i ty MEGATEK. One of  these events is shown in figs. 
2a and 2b. The main parameters of  the four events are 
listed in tables 1 and 3. As one can see from the ener- 
gy deposition plots (fig. 3), their dominant feature is 
of  two very prominent  electromagnetic energy deposi- 
tions. All events appear to balance the visible total  
transverse energy components;  namely, there is no 
evidence for the emission of  energetic neutrinos. Ex- 
401 
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is 1 X 10, which is equivalent to a 4.8o. deviation in a
Gaussian distribution [11]. Based on the excess number
of SVX-tagged events, we expect an excess of 7.8 SLT
tags and 3.5 dilepton events from tt production, in good
agreement with the observed numbers.
We performed a number of checks of this analysis.
A good control sample for b tagging is Z + jet events,
where no top contribution is expected. We observe 15,
3, and 2 tags (SVX and SLT) in the Z + l-jet, 2-
jet, and ~3-jet samples, respectively, compared with the
background predictions of 17.5, 4.2, and 1.5. The excess
over background that was seen in Ref. [1] is no longer
present. In addition, there is no discrepancy between
the measured and predicted W + 4-jet background, in
contrast to a small deficit described in Ref. [1] (see [12]).
Single-lepton events with four or more jets can be
kinematically reconstructed to the tt WbWb hypothe-
sis, yielding for each event an estimate of the top quark
mass [1]. The lepton, neutrino (gr), and the four highest-
F& jets are assumed to be the tt daughters [13]. There
are multiple solutions, due to both the quadratic ambi-
guity in determining the longitudinal momentum of the
neutrino and the assignment of jets to the parent W's and
b's. For each event, the solution with the lowest fit ~2 is
chosen. Starting with the 203 events with )3 jets, we re-
quire each event to have a fourth jet with ET ) 8 GeV
and ~zl~ ( 2.4. This yields a sample of 99 events, of
which 88 pass a loose g2 requirement on the fit. The
mass distribution for these events is shown in Fig. 2. The
distribution is consistent with the predicted mix of ap-
proximately 30% tt signal and 70% W + jets background.
The Monte Carlo background shape agrees well with that
meaured in a limited-statistics sample of Z + 4-jet events
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FIG. 2. Reconstructed mass distribution for the W+ ~4-jet
sample prior to b tagging (solid). Also shown is the back-
ground distribution (shaded) with the normalization constrained
to the calculated value.
as well as in a QCD sample selected to approximate non-
W background. After requiring an SVX or SLT b tag,
19 of the events remain, of which 6.9+19 are expected
to be background. For these events, only solutions in
which the tagged jet is assigned to one of the b quarks
are considered. Figure 3 shows the mass distribution for
the tagged events. The mass distribution in the current
run is very similar to that from the previous run. Further-
more, we employed several mass fitting techniques which
give nearly identical results.
To find the most likely top mass, we fit the mass
distribution to a sum of the expected distributions from
the W + jets background and a top quark of mass Mt p[1]. The —ln(liklihood) distribution from the fit is shown
in the Fig. 3 inset. The best fit mass is 176 GeV/c2
with a ~8 GeV/c2 statistical uncertainty. We make a
conservative extrapolation f the systematic uncertainty
from our previous publication, giving M„~ = 176 ~ 8 ~
10 GeV/c2. Further studies of systematic uncertainties
are in progress.
The shape of the mass peak in Fig. 3 provides addi-
tional evidence for top quark production, since the number
of observed b tags is independent of the observed mass
distribution. After including systematic effects in the pre-
icted background shape, we find a 2 X 10 probability
that the observed mass distribution is consistent with the
background (Kolmogorov-Smirnov test). This is a con-
servative measure because it does not explicitly take into
account the observed narrow mass peak.
In conclusion, additional data confirm the top quark
evidence presented in Ref. [1]. There is now a large
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FIG. 3. Reconstructe mass distribution for the b-tagged
W+ )4-jet events (solid). Also shown are the background
shape (dotted) and the sum of background plus tt Monte
Carlo simulations for M„p = 175 GeV/c (dashed), with the
background constrained to the calculated value, 6.9+19 events.
The inset shows the likelihood fit used to determine the top
mass.
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Fig. 2. The local p-value as a function of mH in the γ γ decay mode for the com-
bined 7 and 8 TeV data sets. The additional lines show the values for the two data
sets taken individually. The dashed line shows the expected local p-value for the
combined data sets, should a SM Higgs boson exist with mass mH.
presence of a significant excess at mH = 125 GeV in both the 7 and
8 TeV data. The features of the observed limit are confirmed by the
independent sideband-background-model and cross-check analy-
ses. The local p-value is shown as a function of mH in Fig. 2 for
the 7 and 8 TeV data, and for their combination. The expected (ob-
served) local p-value for a SM Higgs boson f mass 125 GeV corre-
sponds to 2.8(4.1)σ . In the sideband-background-model and cross-
check analyses, the observed local p-values for mH = 125 GeV cor-
respond to 4.6 and 3.7σ , r spectively. The best-fit ignal s ength
for a SM Higgs boson mass hypothesis of 125 GeV is σ /σSM =
1.6± 0.4.
In order to illustrate, i the mγ γ distribution, the significance
given by the statistical methods, it is necessary to take into ac-
count the large differences in the expected signal-to-background
ratios of the event categories shown in Table 2. The events are
weighted according to the category in which they fall. A weight
proportional to S/(S+ B) is used, as suggested in Ref. [121], where
S and B are the number of signal and background events, respec-
tively, calculated from the simultaneous signal-plus-background fit
to all categories (with varying overall signal strength) and inte-
grating over a 2σeff wide window, in each category, centred on
125 GeV. Fig. 3 shows the data, the signal model, and the back-
ground model, all weighted. The weights are normalised such that
the integral of the weighted signal model matches the number of
signal events given by the best fit. The unweighted distribution,
using the same binning but in a more restricted mass range, is
shown as an inset. The excess at 125 GeV is evident in both the
weighted and unweighted distributions.
5.2. H→ ZZ
In the H→ ZZ→ 4ℓ decay mode a search is made for a narrow
four-lepton mass peak in the presence of a small continuum back-
ground. Early detailed studies outlined the promise of this mode
over a wide range of Higgs boson masses [122]. Only the search
in the range 110–160 GeV is reported here. Since there are dif-
ferences in the reducible background rates and mass resolutions
between the subchannels 4e, 4µ, and 2e2µ, they are analysed sep-
arately. The background sources include an irreducible four-lepton
contribution from direct ZZ production via qq and gluon–gluon
processes. Reducible contributions arise from Z+bb and tt¯ produc-
tion where the final states contain two isolated leptons and two
b-quark jets producing secondary leptons. Additional background
Fig. 3. The diphoton invariant ass distribution with each event weighted by the
S/(S+ B) value of its category. The lines represent the fitted background and signal,
and the coloured bands represent the ±1 and ±2 standard deviation uncertainties
in the background estimate. The inset shows the central part of the unweighted
invariant mass distribution. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this Letter.)
arises from Z+ jets and WZ+ jets events where jets are misidenti-
fied as leptons. Compared to the analysis reported in Ref. [25], the
present analysis employs improved muon reconstruction, improved
lepton identification a d isolati n, and a kinematic discr minant
exploiting the decay kinematics expected for the signal events. An
algorithm to recover final-state radiation (FSR) photons has also
been deployed.
Electrons are required to have pT > 7 GeV and |η| < 2.5.
The corresponding requirements for muons are pT > 5 GeV and
|η| < 2.4. Electrons are selected using a multivariate identifier
trained using a sample of W+ jets events, and the working point
is optimized using Z+ jets events. Both muons and electrons are
required to be isolated. The combined reconstruction and selection
efficiency is measured using electrons and muons in Z boson de-
cays. Muon reconstruction and identification efficiency for muons
with pT < 15 GeV is measured using J/ψ decays.
The electron or muon pairs from Z boson decays are required to
originate from the same primary vertex. This is ensured by requir-
ing that the significance of the impact parameter with respect to
the event vertex satisfy |S IP|< 4 for each lepton, where S IP = I/σI ,
I is the three-dimensional lepton impact parameter at the point of
closest approach to the vertex, and σI its uncertainty.
Final-state radiation from the leptons is recovered and included
in the computation of the lepton-pair invariant mass. The FSR re-
covery is tuned using simulated samples of ZZ→ 4ℓ and tested
on data samples of Z boson decays to electrons and muons. Pho-
tons reconstructed within |η|< 2.4 are considered as possibly due
to FSR. The photons must satisfy the following requirements. They
must be within &R < 0.07 of a muon and have pγT > 2 GeV (most
photon showers within this distance of an electron having already
been automatically clustered with the electron shower); or if their
distance from a lepton is in the range 0.07<&R < 0.5, they must
satisfy pγT > 4 GeV, and be isolated within &R = 0.3. Such photon
candidates are combined with the lepton if the resulting three-
body invariant mass is less than 100 GeV and closer to the Z boson
mass than the mass before the addition of the photon.
The event selection requires two pairs of same-flavour, oppo-
sitely charged leptons. The pair with invariant mass closest to the
Z boson mass is required to have a mass in the range 40–120 GeV
Fig. 36. a) UA2 peT pectru [Ap el 1986]. b) UA1 Z
0 → e+e− discovery [Arnison 1983b].
) CDF b-tagged W+ ≥ 4 jet top quark mass plot [Abe 1995]. d) CMS mγγ plot with 125
GeV Higgs → γγ [Chatrchya 2012].
To keep th record str ight, I think that it is i portant to note several major
discoveries at hadron colliders that are not ex ctly QCD but nevertheless are key ele-
ments of the S andard Model. Th W and Z bosons of the Weak interactions were dis-
covered at the CERN p¯+p collider in 1983 by experiments UA1 (W) [Arnis n 1983a],
(Z) [Arnison 1983b]; and UA2 (W) [Banner 1983] (Z) [Bag aia 1983]. Figure 36a
shows UA2 measurement of W± → e± + X with a nice Zichichi signature and
Fig. 36b the actual UA1 discovery plot of the Z0 → e+ +e−.5 The top quark was dis-
vered at th Fermilab T vatron p¯p collider by D0 [Abachi 1995] and CDF[Abe 1995]
(Fig. 36c) and the Higgs Boson was discov red at the CERN-LHC by ATLAS [Aad 2012]
and CMS [Chatrchyan 2012](Fig. 36d).
5 The Z0 plot remi ds me of Fig. 6b; but for Fig. 36b it was Carlo Rubbia who had the
last laugh, a well deserved Nobel Prize.
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12 QCD at Relativistic Heavy Ion Colliders 2000–2017
12.1 From Bjorken Scaling to QCD to the QGP
Bjorken scaling not only led to the parton model and QCD as we have already dis-
cussed, but also led to the conclusion [Collins and Perry 1975] that “superdense mat-
ter (found in neutron-star cores, exploding black holes, and the early big-bang uni-
verse) consists of quarks rather than of hadrons”, because the hadrons overlap and
their individuality is confused. This is different from earlier models which take hadrons
as the basic entities [Hagedorn 1994]. Collins and Perry [Collins and Perry 1975]
called this state “quark soup” but used the equation of state of a gas of free massless
quarks from which the interacting gluons acquire an effective mass which provides
long-range screening. They also pointed out that for the theory of strong interactions
(QCD), “high density matter is the second situation where one expects to be able to
make reliable calculations—the first is Bjorken scaling”. In the Bjorken scaling region,
the theory is asymptotically free at large momentum transfers while in high-density
nuclear matter long range interactions are screened by many-body effects, so they can
be ignored and short distance behavior can be calculated with the asymptotically-free
QCD and relativistic many-body theory. Shuryak [Shuryak 1980] codified and elab-
orated on these ideas and provided the name “QCD (or quark-gluon) plasma” QGP
for “this phase of matter”, a plasma being an ionized gas.
It didn’t take long for others to realize that relativistic heavy ion (RHI) colli-
sions could provide the means of obtaining superdense nuclear matter in the labora-
tory [Lederman and Weneser 1975] [Bjorken 1983]. The kinetic energy of the incident
projectiles would be dissipated in the large volume of nuclear matter involved in the
reaction. The system is expected to come to equilibrium, thus heating and compress-
ing the nuclear matter so that it undergoes a phase transition from a state of nucleons
containing bound quarks and gluons to a state of deconfined quarks and gluons, the
Quark Gluon Plasma (QGP), in chemical and thermal equilibrium, covering the en-
tire volume of the colliding nuclei or a volume that corresponds to many units of the
characteristic length scale.
In the terminology of high energy physics, this is called a “soft” (low Q2) process,
related to the QCD confinement scale
Λ−1QCD ' (0.2 GeV)−1 ' 1 fm . (34)
With increasing temperature, T , in analogy to increasing Q2, the strong coupling
constant αs(T ) becomes smaller, reducing the binding energy, and the string ten-
sion, σ(T ), becomes smaller, increasing the confining radius, effectively screening the
potential[Satz 2000]:
V (r) = −4
3
αs
r
+ σ r → −4
3
αs
r
e−µD r + σ
(1− e−µD r)
µD
(35)
where µD = µD(T ) = 1/rD is the Debye screening mass [Satz 2000]. For r < 1/µD
a quark feels the full color charge, but for r > 1/µD, the quark is free of the po-
tential and the string tension, effectively deconfined. The properties of the QGP can
not be calculated in QCD perturbation theory but only in Lattice QCD Calcula-
tions [Soltz 2015].
12.2 From ISABELLE to CBA to RHIC 1983
Following the discovery of the W and Z bosons at CERN, the
√
s = 800 GeV p+p
collider at BNL, ISABELLE, which had been renamed Colliding Beam Accelerator
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(CBA), was cancelled by HEPAP (the U.S. High Energy Physics Advisory Panel) on
July 11, 1983, but was miraculously immediately resuscitated by NSAC (the U.S. Nu-
clear Science Advisory Committee) to eventually become the
√
sNN = 200 GeV A+A
Relativistic Heavy Ion Collider (RHIC) [Crease 2008] whose purpose was to discover
the properties of nuclear matter under extreme conditions with possible discovery of
new states of matter, e.g. the QGP. In Ref. [Tannenbaum 2016], I discussed several
lucky breaks that I had in being able to attend the ICHEP82 and then to present
the lecture with the results shown in Fig. 31. Well, it turned out that I had another
important lucky break in August 1983 just after RHIC became a gleam in the eye of
NSAC. The chair of the BNL physics department, Arthur Schwartzschild, a Nuclear
Physicist, offered me five BNL Nuclear Physicists to participate in the set-up and
data taking of an α + α run which had been scheduled for 16–30 August 1983 at
the CERN ISR, as well as to help analyze the data. The purpose was to get collider
experience for the RHIC proposal and to help understand an “exciting result” from
the previous α+ α run at the ISR.
12.2.1 “Exciting result”? How I became a nuclear physicist!
It started in 1979, when Martin Faessler [Faessler 1979] and collaborators proposed to
measure p+α and α+α collisions in the CERN-ISR using the SFM. The proposal was
approved which led to runs with α+α at
√
sNN = 31 GeV and p+α at
√
sNN = 44
GeV in 1980, with a subsequent run in 1983 with α + α, p + α, d + d and p+p
interactions all at the same
√
sNN = 31 GeV. The high energy physicists at the ISR
had the option of turning off their detectors and resting for a few weeks or continuing
to operate their detectors for the nuclear collisions, with the possibility of exciting
new physics results. They all opted to continue. Exactly same option and, predictably,
exactly the same outcome occurred at the LHC 30 years later.
Once again, the publications from measurements in a new field started out with an
incorrect result from the 1980 run, this time where I was a co-author [Angelis 1982b].
Incredibly, it eventually turned out that this result was helpful. The 1980 α + α
run was at the full ISR energy,
√
s = 62.4 GeV for p+p collisions which was only√
sNN = 31.2 GeV for α + α where Z/A=1/2. There was no comparison p+p data
at
√
s = 31.2 GeV in the 1980 run, only
√
s = 62.4 GeV data. However, there was
comparison p+p data at
√
s = 31.2 GeV from the 1979 run which was not used
because of uncertainty of a change in the absolute pT scale for the EM calorimeter by
≈ 5%, a huge effect when trying to measure a cross section that drops like 1/pnT with
n ≈ 10. The √s = 62.4 GeV p+p data were used for comparison, but extrapolated
to
√
s = 31.2 GeV by a method that I kept saying was wrong whenever I was able
to communicate with my collaborators adequately (no internet!!!) because I was still
making magnets at BNL ≈ 6000 km away. I told them to use xT scaling but they
ignored my advice.
For high pT hard-scattering, which is the result of scattering of pointlike partons,
the ratio of the cross sections in p+A or B+A collisions to the p+p cross section should
be simply equal to the product of the number of nucleons in the projectile and target,
a factor A times larger for p+A and B×A for B+A collisions. However an ‘anomalous
nuclear enhancement’ was found in p+A collisions by Jim Cronin and collaborators at
Fermilab [Antreasyan, Cronin 1979]. The pion cross section ratio increased as Aα(pT )
where α(pT ) peaked at ∼ 1.15 for pT = 4−5 GeV/c for 19.4 ≤ √sNN ≤ 27.4 GeV. By
contrast, the COR measurement in α+α collisions [Angelis 1982b] for pT ≥ 5 GeV/c
was equivalent to α(pT ) = 1.3 a factor of ∼ 1.6 larger for the αα/pp cross section ratio
than the extrapolation of Cronin’s measurement. To quote a review by [Faissler 1984]
of the results from the 1980 α+α run:“If this trend is confirmed, it could eventually
signify that something very interesting is going on in nucleus nucleus collisions.”
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The interesting results from the α + α collisions spread to the CERN manage-
ment and through the nuclear physics grapevine to the chairman of the BNL physics
department, Arthur Schwartzschild, who offered me the five BNL Nuclear Physicists.
My CERN collaborators were happy about this because they also wanted Nuclear
Physicists to help them understand the “exciting result”.
Well, of course, we found out that the “exciting result” was wrong because our
new result from the 1983 α+α and p+p runs at
√
sNN = 31 GeV [Angelis 1987] was
α(pT ) = 1.14±0.01 which now agreed with Cronin’s result. We also had a preliminary
result which Sanki Tanaka [Angelis, Tanaka 1984] was able to complete in time to
present at the Quark Matter 1983 conference, the last week in September 1983, which
had been moved from Helsinki to BNL. This result showed that the ratio of the cross
sections for αα/pp as a function of ET varied by 2 to 6 orders of magnitude, so
that the Aα(pT ) Cronin formalism was completely inadequate. We soon understood
that this was because ET was a multiparticle distribution [Tannenbaum 1985] which
turned out to be very useful in Relativistic Heavy Ion collisions. Based on these ISR
α+α results, I joined with Chellis Chasman, Ole Hansen, Andy Sunyar of BNL, Lee
Grodzins of MIT 6, Shoji Nagamiya of Columbia and others in an experiment (E802)
to explore all aspects of relativistic heavy ion collisions at the new heavy ion beam
at the BNL-AGS built to prepare for RHIC.
12.3 RHIC and its Experiments: Design and Construction-1991–2000
The initial proposal by BNL to the U.S. Department of Energy to build RHIC was
in 1984; the first funds for construction of RHIC were in the U.S. budget for Fiscal
Year 1991; construction was completed and the first Au+Au collisions at
√
sNN =
130 GeV were in 2000 and with the standard c.m. energy
√
sNN = 200 GeV in
2001 [Harrison 2003]. The first call for Letters of Intent for experiments was in April
1990 which were evaluated in November 1990 with updated LOI submitted in July
1991. The first Program Advisory Committee (PAC) to evaluate these updated LOI’s
approved the STAR proposal to join with a BNL TPC proposal to build a large
Time Projection Chamber (TPC) concentrating on hadrons. Three other proposals:
di-muon, OASIS and TALES/SPARHC were rejected but told by the Associate Lab
Director Mel Schwartz to merge into an experiment (most like TALES/SPARHC, my
affiliation) to study electrons and photons emerging from the QGP , which became the
PHENIX experiment. Two smaller experiments were also approved [Harrison 2003].
The STAR experiment is similar to a conventional solenoid collider detector of
the late 1980’s except that its solenoid with 2.6m radius and magnetic field B=0.5 T
is not superconducting. The TPC covers the full azimuth at mid-rapidity, |η| ≤ 1.0.
Particle identification is done with dE/dx in the TPC and Time of Flight counters.
An EMcalorimter outside the solenoid has segmentation ∆η×∆φ = 0.05× 0.05 with
a shower-maximum pre-converter/detector 5 Xo deep for improved γ/pi
0 separation.
The PHENIX experiment is a two-arm spectrometer with a fine grain EMcalorime-
ter ∆η×∆φ ≈ 0.01× 0.01 to separate single-γ and resolve pi0 → γ+ γ with pT up to
≈ 20 GeV/c. Each arm has a Ring Imaging Cerenkov counter, time-of-flight (TOF)
and drift-chamber tracking for e±, γ and identified hadron measurements at mid-
rapidity; with full azimuth muon spectrometers at forward and backward rapidity
1.1 < |y| < 2.2− 2.4. Full azimuth Beam Beam Counters at 3.0 ≤ |η| ≤ 3.9 and Zero
Degree hadron Calorimeters that measure forward going neutrons within a 2 mrad
(|η| > 6) cone are used for triggering and luminosity measurement.
6 Sunyar and Grodzins along with Maurice Goldhaber had made the famous measurement
of the helicity of the neutrino at BNL [Goldhaber 1958].
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It was no accident that PHENIX had all the features of CCRS (Section:4.1) plus
precision TOF for particle identification: I was one of the principal proponents of
TALES/SPARHC. This gave PHENIX the possibility of measuring single e± for pT >
0.3 GeV/c which was crucial for J/Ψ and charm measurements. Measurements of
identified hadrons (including charm), although not part of Mel Schwartz’s directive,
were obviously necessary for understanding the background from their decay. Also,
it was always my intention to use single e± to measure charm [Tannenbaum 1996],
because there is no combinatoric background. This is a serious problem in A+A
collisions where charged multiplicities rise to ≈ A times that in p+p for the most
central collisions where the two nuclei fully overlap [Adler 2005] (Fig. 37).
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Fig. 37. a) (left) [Tannenbaum 2008] Schematic of collision in the c.m. system of two Lorentz
contracted Au+Au nuclei with radius R and impact parameter b. Npart is the number of
nucleons struck in the collision. The curve with the ordinate labeled dσ/dnch represents the
relative probability of charged particle multiplicity nch. The upper right corner shows the
almond shape overlap of the nuclei in peripheral collisions. It should be rotated so that the
X axis is perpendicular to the page. More particles will be emitted along the X axis than
the Y axis because of the stronger pressure gradient. This is called elliptical flow. b)(right)
ET distribution in Au+Au at
√
sNN = 200 GeV from PHENIX [Adler 2014]. The ET is
corrected to the region ∆η = 1.0, ∆φ = 2pi. The charged multiplicity, dNch/dη ≈ 1.14×ET .
12.4 How to find the QGP 1986–2000
At the time of the proposals for experiments at RHIC (also for the LHC [Aamodt 2008])
in 1990-91, there were two proposed signatures of the QGP: strangeness enhance-
ment [Koch, Mu¨ller and Rafelski 1986] and the “gold-plated”signature for deconfine-
ment in the QGP, J/Ψ suppression [Matsui and Satz 1986]. Matsui and Satz pre-
dicted that J/Ψ production in A+A collisions will be suppressed by Debye screening
of the quark color charge in the QGP. The J/Ψ is produced when two gluons in-
teract to produce a cc¯ pair which then resonates to form the J/Ψ . In the QGP, the
cc¯ interaction is screened so that the cc¯ go their separate ways and eventually pick
up other quarks at the periphery to become open charm. However, as pointed out a
year later [Matsui 1987], enhanced production of c and c¯ quarks in A+A collisions,
so that many of the “other quarks” picked up are c or c¯, could lead to recombination
of cc¯ into J/Ψ which might “hinder” J/Ψ suppression as evidence for the QGP. An-
other problem was that the J/Ψ is suppressed in p+A collisions [Prino 2001]. These
issues were worked out in further detail by analysis of J/Ψ measurements at the
CERN fixed-target heavy ion program [Braun-Munzinger and Stachel 2000] with the
prediction of enhancement of J/Ψ at LHC energies.
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12.4.1 A hard-scattering QGP signature based on QCD 1997–1998
A new tool for probing the color response function of the QGP with a firm basis in
QCD was developed shortly before RHIC turned on. I found out about this in 1998 at
the QCD workshop in Paris [Baier also Tannenbaum 1998], when Rolf Baier asked me
whether jets could be measured in Au+Au collisions because he had made studies in
pQCD [Baier 1997] of the energy loss, by ‘coherent’ (LPM) gluon bremsstrahlung, of
hard-scattered partons “with their color charge fully exposed” traversing a medium,
“with a large density of similarly exposed color charges”. This leads to a reduction
of the pT of both the outgoing partons and their fragments, hence a reduction in the
number of partons or fragments at a given pT , which is called jet quenching. The
effect is absent in p+A or d+A collidons beause no medium is produced (Fig. 38a)
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Fig. 38. a) (left) [Tannenbaum 2006] Schematic diagram of hard scattering in Au+Au
and d(p)+Au collisions. Parton scattering occurs when the nuclei overlap, and for Au+Au
the scattered high pT partons emerge sideways through the medium formed. For d+Au no
medium is formed and the outgoing partons travel in vacuum until they fragment. b) (right)
Transport coefficient qˆ as a function of energy density  for different media [Baier 2003]: cold
nuclear matter (filled square), massless hot pion gas (dotted) and ‘ideal’ QGP (solid curve).
The energy loss of an outgoing parton, −dE/dx, per unit length (x) of a medium
with total length L due to coherent gluon bremsstrahlung is proportional to the 4-
momentum-square, q2(L), transferred to the medium and takes the form:
−dE
dx
' αs
〈
q2(L)
〉
= αs qˆ L . (36)
qˆ, the transport coefficient of a gluon in the medium, is defined as the mean 4-
momentum transfer-square, q2, to the medium by a radiated gluon, per gluon mean
free path, which can be calculated with QCD [Baier 2000]. Figure 38b shows an early
calculation of qˆ [Baier 2003] .
I told Rolf (and put in the proceedings) that because the expected energy in a
typical jet cone R =
√
(∆η)2 + (∆φ)2 in central Au+Au collisions at
√
sNN = 200
GeV would be piR2×1/2pi×dET /dη = R2/2×dET /dη ∼ 300 GeV for R = 1, where
the kinematic limit is 100 GeV, jets can not be reconstructed in Au+Au central
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collisions at RHIC. This is still correct at present (19 years later) where the solution
is to make smaller jet cones, which may (or may not) be a problem.
I also told Rolf the good news that the jet suppression could be measured by
single particle inclusive and two-particle correlations at RHIC as we had done at the
CERN-ISR and that the PHENIX detector had actually been designed to make such
measurements.
12.5 Measurements relevant to QCD in A+A collisions at RHIC and LHC
Measuring and understanding the properties of nuclear matter under extreme condi-
tions and possibly the QGP requires knowledge of Statistical Physics, Thermo- and
Hydro- dynamics without much QCD input. However, there were several important
discoveries and measurements which did involve QCD.
12.5.1 Baryon chemical potential measured without particle identification
In an equilibrated thermal medium, particles should follow a Boltzmann distribution
in the local rest frame [Cooper and Frye 1974]
d2σ
dpLpT dpT
=
d2σ
dpLmT dmT
∝ 1
e(E−µ)/T ± 1 ∼ e
−(E−µ)/T , (37)
where mT =
√
p2T +m
2 and µ is a chemical potential. In fact, the ratios of particle
abundances (which are dominated by low pT particles) for central Au+Au collisions at
RHIC, even for strange and multi-strange particles, are well described [Adams 2005]
by fits to a thermal distribution,
d2σ
dpLpT dpT
∼ e−(E−µ)/T → p¯
p
=
e−(E+µB)/T
e−(E−µB)/T
= e−(2µB)/T , (38)
with similar expressions for strange particles. µB (and µS) are chemical potentials
associated with each conserved quantity: baryon number, µB , (and strangeness, µS).
However for this problem there is also Lattice QCD thermodynamics which can
calculate µB from the net electric charge distributions of non-identified charged par-
ticles (n+ − n−) [Bazavov 2012]. The theoretical analyses are made by a Taylor ex-
pansion of the free energy F = −T lnZ around the freezeout temperature Tf where
Z is the partition function, or sum over states, which is of the form
Z ∝ e−(E−
∑
i µiQi)/kT (39)
and µi are chemical potentials associated with conserved charges Qi. The terms of
the Taylor expansion, which are obtained by differentiation, are called susceptibilities,
denoted χ.
The only connection of this method to mathematical statistics is that the Cumu-
lant generating function in mathematical statistics for a random variable x is also a
Taylor expansion of the ln of an exponential:
gx(t) = ln
〈
etx
〉
=
∞∑
n=1
κn
tn
n!
κm =
dmgx(t)
dtm
∣∣∣∣
t=0
. (40)
Thus, the susceptibilities are Cumulants in mathematical statistics terms. The first
four Cumulants are κ1 = µ ≡ 〈x〉, κ2 =
〈
(x− µ)2〉 ≡ σ2, κ3 = 〈(x− µ)3〉,
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κ4 =
〈
(x− µ)4〉− 3κ22. Two so-called normalized or standardized Cumulants are com-
mon in this field, the skewness, S ≡ κ3/σ3 and the kurtosis, κ ≡ κ4/σ4. The theoret-
ical results are presented as ratios of Cumulants so that the volume dependences of
µ, σ S, κ cancel.
The measured values of the temperature Tf and µB are obtained [Adare 2016]
by comparing the measured values of κ1/κ2 and κ3/κ1 to the Lattice QCD calcu-
lations [Bazavov 2012], which are given as functions of Tf and µB . Figure 39 shows
that the PHENIX + Lattice results for µB from net-charge fluctuations, with no par-
ticle identification, are in excellent agreement with the best accepted analysis of µB
from baryon/anti-baryon ratios [Cleymans 2006]. Both the µB and Tf (not shown) re-
sults [Adare 2016] also agree with the more conventional best accepted values, which I
believe was a first for measurements plus Lattice QCD calculations in A+A collisions!
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√
sNN dependence of µB from PHENIX+Lattice [Adare 2016] net-charge
results. Open squares are from STAR net-charge [Adamczyk 2014] together with net-
protons [Borsanyi 2014]. Dashed line and other data points are from b)(right), the best
accepted analysis of µB vs
√
sNN from baryon/anti-baryon ratios [Cleymans 2006].
12.5.2 Discovery of the QGP at RHIC by suppression of high pT particles—2002
The discovery at RHIC [Adcox 2002b] that high pT pi
0 produced by hard parton-
parton scattering in the colliding Au+Au nuclei are suppressed in central Au+Au
collisions by a factor of ∼ 5 compared to pointlike scaling from p+p collisions is
arguably the major discovery in Relativistic Heavy Ion Physics.
In Fig. 40, the suppression of the many identified particles measured by PHENIX
at RHIC is presented as the Nuclear Modification Factor, RAA(pT ), the ratio of the
yield of e.g. pi per central Au+Au collision (upper 10%-ile of observed multiplicity)
to the pointlike-scaled p+p cross section at the same pT , where 〈TAA〉 is the average
overlap integral of the nuclear thickness functions:
RAA(pT ) =
(1/NAA) d
2NpiAA/dpT dy
〈TAA〉 d2σpipp/dpT dy
. (41)
The striking differences of RAA(pT ) in central Au+Au collisions for the many
particles measured by PHENIX (Fig. 40) illustrates the importance of particle iden-
tification for understanding the physics of the medium produced at RHIC. The most
notable observations are:
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Fig. 40. [Tannenbaum 2014] PHENIX measurements of the suppression RAA of identified
particles with references to publication as a function of transverse momentum pT .
1. the equal suppression of pi0 and η mesons by a constant factor of 5 (RAA = 0.2)
for 4 ≤ pT ≤ 15 GeV/c, with suggestion of an increase in RAA for pT > 15 GeV/c;
2. the equality of suppression of direct-single e±HF from heavy flavor (c, b quark)
decay, and pi0 at pT>∼5 GeV/c;
3. the non-suppression of direct-γ for pT ≥ 4 GeV/c.
For pT>∼4 GeV/c, the hard-scattering region, the fact that all hadrons are sup-
pressed, but direct-γ are not suppressed, indicates that suppression is a medium effect
on outgoing color-charged partons, likely due to energy loss by coherent Landau-
Pomeranchuk-Migdal radiation of gluons, predicted in pQCD [Baier 2000].
12.5.3 QGP, the perfect liquid, from charm suppression and flow–2007
The measurement of direct single e± (also called heavy flavor e± at RHIC) at mid-
rapidity by PHENIX [Adare 2006] in p+p collisions at
√
s = 200 GeV is shown in
Fig. 41a,b. The background from internal and external γ conversions was determined
by the converter method as in section 4.2.1. The data are compared to a fixed-order-
plus-next-to-leading-log (FONLL) pQCD calculation [Vogt, Cacciari and Nason 2006]
which is in excellent agreement with the measurement and gives the relative contri-
butions of c and b quark decay.
Figure 41c shows the RAA of direct single heavy flavor e
± and pi0 in
√
sNN = 200
GeV Au+Au collisions [Adare 2007a] which become equal in the range 4 ≤ pT ≤ 7
GeV/c. Initially this result was a surprise because heavy flavor quarks were pre-
dicted to lose less energy than light quarks due to the “dead cone effect” which
happens in QED bremsstrahlung [Dokshitzer and Kharzeev 2001]. Figure 41d shows
the anisotropic eliptical flow measurement vHF2 for the heavy flavor quarks and for
pi0 [Adare 2007a]. The heavy quarks at pT ≈ 2 GeV/c are actually barely relativistic,
because γβ = pT /m = 2.0/1.3 ≈ 1.5, but have a significant vHF2 .
The vHF2 in this region suggested [Moore and Teaney 2005] that the charm quarks
thermalize in the medium which responds as a thermalized fluid with a small trans-
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Fig. 41. (left) a) [Adare 2006] Invariant differential cross sections of electrons from heavy
flavor quark decays. The curves are FONNL calculations [Vogt, Cacciari and Nason 2006]
b) The ratio of the measurement to the FONNL calculation. c) [Adare 2007a] RAA from
direct-single e± and pi0, d) elliptical flow v2 for Heavy Flavor quarks and pi0. Dashed and
filled lines are theoretical predictions of the diffusion coefficient D.
port mean free path. Thus they treat the heavy quark in the medium as a thermal
diffusion problem with diffusion coefficient D = 6η/( + p) where η is the shear
viscosity,  is the energy density, and p the pressure. The enthalpy ( + p) = Ts
for zero baryon chemical potential, µB (a reasonable assumption at
√
sNN = 200
GeV, Fig. 39), where T is the temperature and s is the entropy density. Obvi-
ously this is a thermodynamic/hydrodynamic problem with some QCD in the Monte
Carlo to get RAA but the results, shown as the dashes for two different values of
D = 3/(2piT ) and D = 12/(2piT ) on Fig. 41c,d, lead to a spectacular conclusion.
Taking D = 6η/Ts ≈ (6 to 4)/(2piT) as the most reasonable range that fits both
RAA and v
HF
2 in Fig. 41c,d [van Hees, Greco and Rapp 2006], gives the result:
η/s = (2 to 4/3)/4pi (42)
which is intriguingly close to the conjectured [Kovtun, Son and Starinets 2005] quan-
tum lower bound, η/s = 1/4pi.
This is why we claimed the discovery of the QGP, the perfect liquid, at RHIC
[Lee 2005], [Arsene 2005], [Back 2005],[Adams 2005], [Adcox 2005].
12.5.4 J/Ψ enhancement not suppression proves the existence of the QGP at the LHC
PHENIX measurements of J/Ψ suppression (RAA) in Au+Au collisions at
√
sNN =
200 GeV relative to point-like scaling of p+p collisions at mid-rapidity [Adare 2007b]
Fig. 42a turned out to be nearly identical to the NA50 fixed-target measurements in√
sNN = 17.2 Pb+Pb collisions at CERN [Alessandro 2005]. The equality of J/Ψ sup-
pression at
√
sNN = 17.2 and 200 GeV was was elegantly explained as recombination
or coalescence of c and c¯ quarks in the QGP to regenerate J/Ψ [Zhao and Rapp 2008].
Miraculously this made the observed RAA equal at SpS and RHIC c.m. ener-
gies. I called this my “Nightmare Scenario” because I thought that nobody would
believe it. The good news was that such models are testable because they predicted
the reduction of J/Ψ suppression or even an enhancement (RAA > 1) at LHC ener-
gies [Braun-Munzinger and Stachel 2000], [Thews, Schroedter and Rafelski 2001],
52 The European Physical Journal H
AAR
0.2
0.4
0.6
0.8
1
 12 %± = 
global
|y|<0.35   syst
 7 %±= 
global
[1.2,2.2]   systD|y|
partN
50 100 150 200 250 300 350 4000
0.2
0.4
0.6
0.8
1 〉partN〈
0 50 100 150 200 250 300 350 400
AAR
0
0.2
0.4
0.6
0.8
1
1.2
1.4
 = 2.76 TeVNNsALICE Pb-Pb 
 13%±            global syst.= c>0 GeV/Tp|<0.8, y, |
-e+ e→ ψJ/
 15%±     global syst.= c<8 GeV/Tp<4, 0<y, 2.5<
-µ+µ → ψJ/
Fig. 42. a) (left) PHENIX [Adare 2007b] RAA of J/Ψ in Au+Au at
√
sNN = 200 GeV for
e+e− (|y| < 0.8), and µ+µ− (1.2 ≤ y ≤ 2.2) decay. b)(right) ALICE [Abelev 2014] RAA
of J/Ψ in Au+Au at
√
sNN = 2.76 TeV for e
+e− (|y| < 0.35), and µ+µ− (2.5 ≤ y ≤ 4.0)
decay.
[Andronic, Braun-Munzinger, Redlich and Stachel 2007], which would be spectacu-
lar, if observed.
As shown in Fig. 42b, the most recent ALICE [Abelev 2014] measurement of
RAA for J/ψ at
√
sNN = 2.76 TeV exhibits considerably less suppression for both
J/ψ → e+e− at mid rapidity and J/ψ → µ+µ− at forward rapadity than the PHENIX
measurements at
√
sNN = 200 GeV in Fig. 42a. The reduction of J/Ψ suppression
at the LHC compared to RHIC is a clear observation of regeneration at LHC which
directly proves the existence of the QGP, since it is evidence that the large number of
c and c¯ quarks produced (with their color charge hidden by Debye screening) freely
traversed the medium (with a large density of similarly screened color charges) until
they met another quark close enough within the screening radii to form J/Ψ ’s.
However [Satz 2013], these beautiful results do not prove that J/Ψ are deconfined
in the QGP. According to Satz, the crucial issue is whether the medium modifies the
fraction of produced cc¯ pairs which form J/Ψ . Dissociation of J/Ψ in the medium
would reduce the observed J/Ψ/cc¯ ratio in A+A compared to p+p collisions, i.e
R
J/Ψ
AA /R
cc¯
AA  1. Personally, I think that Debye screening which is the basis of sup-
pression of J/Ψ in the QGP is proved by Fig. 42 but Satz’s requirement may be
important to find how low in
√
sNN the QGP is formed.
12.5.5 jet quenching at the LHC
Although nobody at RHIC had claimed to measure the quenching of fully recon-
structed jets in
√
sNN = 200 GeV Au+Au collisions, because the multiparticle
background is too large, as soon as the LHC started its 2760 GeV run, unbal-
anced jets were visibile on the event displays for both ATLAS [Aad 2010] and CMS
(Fig. 43) [Chatrchyan 2011b]
13 Summary and Conclusions
In the years 1972-1982 experiments at Hadron Colliders made major contributions to
the theory of QCD which was developed in this same period. More recently, Heavy
Ion Colliders have opened up a new field of the study of superdense nuclear matter
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FIG. 1. (Color online) Example of an unbalanced dijet in a PbPb collision event at √s
NN
= 2.76 TeV. Plotted is the summed transverse
energy in the electromagnetic and hadron calorimeters vs η and φ, with the identified jets highlighted in red, and labeled with the corrected jet
transverse momentum.
The data provide information on the evolution of the dijet
imbalance as a function of both collision centrality (i.e.,
the degree of overlap of the two colliding nuclei) and the
energy of the leading jet. By correlating the dijets detected
in the calorimeters with charged hadrons reconstructed in the
high-resolution tracking system, the modification of the jet
fragmentation pattern can be studied in detail, thus providing
a deeper insight into the dynamics of the jet quenching
phenomenon.
The paper is organized as follows: The experimental
setup, event triggering, selection and characterization, and jet
reconstruction are described in Sec. II. Section III presents the
results and a discussion of systematic uncertainties, followed
by a summary in Sec. IV.
II. EXPERIMENTAL METHOD
The CMS detector is described in detail elsewhere [29]. The
calorimeters provide hermetic coverage over a large range of
pseudorapidity |η| < 5.2, where η = − ln[tan(θ/2)] and θ is
the polar angle relative to the particle beam. In this study, jets
are identified primarily using the energy deposited in the lead-
tungstate crystal electromagnetic calorimeter (ECAL) and the
brass and scintillator hadron calorimeter (HCAL) covering
|η| < 3. In addition, a steel and quartz-fiber Cherenkov
calorimeter, called hadron forward (HF), covers the forward ra-
pidities 3 < |η| < 5.2 and is used to determine the centrality of
the PbPb collision. Calorimeter cells are grouped in projective
towers of granularity in pseudorapidity and azimuthal angle
given by $η ×$ϕ = 0.087× 0.087 at central rapidities,
having a coarser segmentation approximately twice as large
at forward rapidities. The central calorimeters are embedded
in a solenoid with 3.8 T central magnetic field. The event
display shown in Fig. 1 illustrates the projective calorimeter
tower granularity over the full pseudorapidity range. The CMS
tracking system, located inside the calorimeter, consists of
pixel and silicon-strip layers covering |η| < 2.5, and provides
track reconstruction down to pT ≈ 100 MeV/c, with a track
momentum resolution of ∼1% at pT = 100 GeV/c. A set
of scintillator tiles, the beam scintillator counters (BSC), are
mounted on the inner side of the HF calorimeters for triggering
and beam-halo rejection. CMS uses a right-handed coordinate
system, with the origin located at the nominal collision point
at the center of the detector, the x axis pointing toward the
center of the LHC ring, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise
beam direction. The detailed Monte Carlo (MC) simulation of
the CMS detector response is based on GEANT4 [30].
A. Data samples and triggers
The expected cross section for hadronic inelastic PbPb
collisions at √s
NN
= 2.76 TeV is 7.65 b, corresponding to
the chosen Glauber MC parameters described in Sec. II C.
In addition, there is a sizable contribution from large impact
parameter ultra-peripheral collisions (UPCs) that lead to the
electromagnetic breakup of one or both of the Pb nuclei [31].
As described later, the few UPC events which pass the online
event selection are removed in the offline analysis.
For online event selection, CMS uses a two-level trigger
system: level-1 (L1) and high level trigger (HLT). The events
for this analysis were selected using an inclusive single-jet
trigger that required a L1 jet with pT > 30 GeV/c and a HLT
jet withpT > 50 GeV/c, where neitherpT value was corrected
for the pT-dependent calorimeter energy response discussed in
Sec. II D. The efficiency of the jet trigger is shown in Fig. 2(a)
for leading jets with |η| < 2 as a function of their corrected pT.
The efficiency is defined as the fraction of triggered events out
of a sample of minimum bias events (described below) in bins
024906-2
Fig. 43. Example [Chatrchyan 2011b] of an unbalanced dijet in a PbPb collision event
at
√
sNN = 2.76 TeV. The summed transverse energy in the electromagnetic and hadron
calorimeters is plotted vs. η and φ, with the identified jets highlighted, and labeled with the
corrected jet transverse momentum.
in the laboratory, leading to the discovery of the Quark Gluon Plasma which can be
analyzed with lat ice QCD. Highlig ts of these achiev ments can be summarized as
follows.
13.1 Hadron Colliders and QCD
The CERN Intersecting Storage Rings (ISR), Geneva, SZ, 1971–1983.
This was the first hadron collider, with p+p collisions at c.m. energy
√
s = 23.5 −
62.4 GeV. Also d+d α + α p+α and p+p¯ experiments were performed. The largest
contributions for the development of QCD were from the ISR.
1. Discovery of particle production at high pT ≥ 3 GeV/c, 1972.
2. Discovery of charm particles by direct single e± production in 1974, but not un-
derstood until 1976.
3. First application of QCD theory to ISR pi± and pi0 spectra with 3 ≤ pT ≤ 14
GeV/c, 1978.
4. Dis overy f direct-γ producti n 1979-1980 as predicted by QCD in 1977
5. Observation of the di-jet structure of hard-scattering via two-particle correlations
including discovery and measurements of kT , the transverse momentum of a parton
in a nucleon, and measurement of 〈jT 〉 the average momen um of jet fragments
transverse to the jet axis, 1977-1979.
6. First measurement of the cos θ∗ distribution of elementary QCD subprocesses
including the increase of the QCD coupling constant αs(Q
2) with decreasing Q2
at more forward angles, 1982.
7. First direct measurement of the gluon structure function G(x,Q2), 1987.
The CERN Sp¯pS Collider 1981–1991. Nobel Prize winning hadron collider with
p¯+p collisions at
√
s = 546− 630 GeV.
1. First definitive observation of jets in hadron collisions, 1982.
2. Discovery of the W± ‘intermediate boson’ of weak interactions, 1983.
3. Discovery of the Z0 boson of weak interactions, 1983.
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ISABELLE at BNL, Upton, NY, USA, 1978–1983 (cancelled)
ISABELLE was designed as p+p collider with
√
s = 800 GeV. This was the first
collider with superconducting magnets, which led to problems during construction.
Eventually greatly improved superconducting accelerator magnets were developed
and tested, known as the Palmer Magnet [Palmer 1985]. This design has been used
by all following colliders except for the Fermilab Tevatron Collider.
Tevatron Collider at Fermilab, Batavia, Illinois, USA, 1986–2011
This was a
√
s = 1.8 TeV p¯+p collider with a different superconducting magnet
design than ISABELLE. However, the Palmer Magnet developed at ISABELLE was
based on the superconducting cable developed for the Tevatron.
1. Discovery of the top quark, 1995
2. Measurement of jet cross sections over a wide range of pT and rapidity in agree-
ment with QCD .
Superconducting Super Collider (SSC), Waxahachie, Texas, USA, 1990–
1993 (cancelled)
The SSC was designed as a
√
s = 40 TeV p+p collider. Its demise hurt High Energy
Physics in the U.S.A; but on the positive side, in 1994, the U.S. High Energy Physics
Advisory Panel recommended that the U.S. siginificantly participate in the CERN
Large Hadron Collider to help maintain U.S. involvement in High Energy Physics.
In 1997 the DOE recommended spending a total of more than $531 million for U.S.
contributions to both the accelerator and the experiments, the first agreement between
CERN and the U.S. government. This allowed CERN to build the LHC in a single
stage of
√
s = 14 GeV rather than the originally approved two stage construction
with missing magnets [Evans and Bryant 2008].
The CERN Large Hadron Collider, LHC, 2008–present.
The largest and highest energy p+p collider with
√
s = 7− 13 TeV. Also Pb+Pb and
p+Pb collisions.
1. Measurement of jet cross sections over a wide range of pT and rapidity in agree-
ment with QCD .
2. Discovery of the Higgs Boson, 2012.
3. Discovery of suppression of jets in Pb+Pb collisions, 2010.
4. Discovery of J/Ψ enhancement compared to measurements at RHIC, evidence for
the Quark Gluon Plasma, 2014.
RHIC, the Relativistic Heavy Ion Collider at BNL, 2000–present.
RHIC is a Heavy Ion Collider with c.m. energy per nucleon pair,
√
sNN = 19.6− 200
GeV, and the first polarized p+p collider with
√
s = 500 GeV. RHIC has provided
collisions of p+p, p+Au, p+Al, d+Au, 3He+Au, Cu+Cu, Cu+Au, Au+Au and U+U.
1. Discovery of jet quenching predicted for the QGP, 2002.
2. Discovery of the QGP as a perfect liquid with shear viscosity/entropy density near
the quantum limit, 2005–2007.
13.2 Future Possibilities for QCD
A remaining problem with QCD is the need to utilize structure and fragmentation
functions, which come from experimental measurements, in the calculations. An ex-
cellent possibility for the future is to be able to also calculate the structure and
fragmentation functions in QCD. 7
7 Thanks to Norman Christ for this suggestion.
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14 Appendix
14.1 The relativistic longitudinal variable, y, rapidity
Any particle with momentum P and energy E can be represented by its longitudinal
momentum PL, which is subject to a Lorentz transformation, and its transverse mo-
mentum PT which is not affected, so E
2 = p2+m2 = p2T+p
2
L+m
2 in the nomenclature
where the speed of light c ≡ 1. The ‘transverse mass’, mT ≡
√
p2T +m
2 =
√
E2 − P 2L,
is invariant under a Lorentz transformation. The definition of the rapidity of this par-
ticle is:
cosh y = E/mT sinh y = pL/mT dy = dpL/E (43)
y =
1
2
ln
(
E + PL
E − PL
)
= ln
(
E + PL
mT
)
. (44)
The advantage of rapidity is that if the rapidity of a particle is y∗ in a frame
moving with velocity β = v/c with respect to our system, then the rapidity y of the
particle in our system is related to y∗ by simple addition, y = Y + y∗, where Y is the
rapidity of the moving frame
Y =
1
2
ln
(
1 + β
1− β
)
.
Using the rapidity variable, the invariant differential single particle inclusive cross
section for a scattered particle with longitudinal momentum pL along the collision
axis, and transverse momentum pT at azimuthal angle φ in cylindrical coordinates,
can be written in the Lorentz invariant form:
Ed3σ
dp3
=
Ed3σ
pT dpT dpLdφ
=
d3σ
pT dpT dydφ
. (45)
14.1.1 Pseudorapidity, η
In the limit when (P  m) for a particle, E → P , mT → pT → E sin θ, pL → E cos θ,
where θ is the polar angle, the rapidity y (Eq. 43) reduces to the pseudorapidity, η :
cosh η = csc θ sinh η = cot θ tanh η = cos θ (46)
η = − ln tan θ/2 . (47)
14.2 Parton-parton scattering
In hadron colliders, collisions usually take place with protons of equal and opposite
vector momenta P and −P so that the p+p center of mass (c.m.) system is at rest
in the laboratory. However, the partons in each proton have fractional momenta x1
and x2 which are not generally equal so that the parton-parton c.m. system moves
longitudinally in the p+p c.m. system (Fig. 44). For kinematic calculations, the gluon
and quark partons are massless; and for simplicity the proton mass M can be ignored
because P  M for the colliders discussed, so that E2 = P 2 + M2 → P 2 and the
particles all have relativistic velocities so that Lorentz Transformations are required.
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3.4 Lorentz transformations, kinematics, decay spectra 49
P =
s
2
s
2
= P
x1P x2P
Figure 3.4 Initial parton kinematics in the p–p scattering c.m. system.
3.4.5 Kinematics of the parton model
Another simple but instructive example of elastic scattering is the parton model of
particle production at large transverse momentum, high pT . Suppose there is a p–p
collision at c.m. energy
√
s. In the p–p c.m. system, the protons (with mass M)
approach each other with equal energies
√
s/2 and opposite momenta
P =
√
s
2
√
1− 4M
2
s
which we take as P1 = −P2 ≈ √s/2, since these collisions occur at very large√
s ≫ 2M . Each proton has a parton with momentum fraction xi , i = 1, 2
which generally results in the c.m. system of the parton–parton collision moving in
the p–p c.m. system (Figure 3.4). Since the partons are taken to be massless and
the initial kinematics are along the collision axis with no transverse momentum,
the c.m. energy squared (sˆ) of the parton–parton collision is:
sˆ = −(p1 + p2)2 = −([x1 P − x2 P] , i [ x1 P + x2 P])2
= 4P2x1x2
= sx1x2. (3.93)
The parton–parton c.m. system has invariant mass
√
sˆ, longitudinal momentum
(x1−x2)P , total energy (x1+x2)P , in the p–p c.m. system and thus has rapidity, yˆ:
yˆ = ln
(
E + PL√
sˆ
)
= ln
(
2Px1
2P√x1x2
)
= ln
√
x1
x2
. (3.94)
Also, Eqs. 3.94, 3.93 can be solved for x1 and x2:
x1 =
√
sˆ
s
eyˆ x2 =
√
sˆ
s
e−yˆ. (3.95)
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Fig. 44. Proton-proton collision with colliding parton momenta illustrated
The c.m. energy of the p+p collision is given by the Lorentz invariant Mandelstam
variable
√
s = 2P , where
s = −(p1 + p2)2 = −[(0, 0, P, iP ) + (0, 0,−P, iP )]2 = 4P 2 . (48)
The partons (with notationˆ) are assumed to travel along the longitudinal directions
of their protons so that the c.m. energy of the parton-parton collision
√
sˆ is given by:
sˆ = −(pˆ1 + pˆ2)2 = −[(0, 0, x1P, ix1P ) + (0, 0,−x2P, ix2P )]2 = 4P 2x1x2
= sx1x2 . (49)
The parton-parton c.m. system has longitudinal momentum PL = (x1−x2)P and total
energy E = (x1+x2)P in the p+p c.m. system, transverse mass mT =
√
E2 − P 2L=
√
sˆ
and thus has rapidity (Eq. 44) yˆ:
yˆ = ln
(
E + PL√
sˆ
)
= ln
√
x1
x2
. (50)
Also, Eqs. 50, 49 can be solved for x1 and x2:
x1 =
√
sˆ
s
eyˆ x2 =
√
sˆ
s
e−yˆ . (51)
14.2.1 Kinematics of parton-parton scattering
Fig. 45. Elastic scattering in parton-parton c.m. system
Figure 45 shows the elastic scattering of the two initial partons through angle θ∗
in the parton-parton c.m. system, where the two colliding partons have equal and
opposite momenta,
√
sˆ/2. The scattered parton 3-momenta are equal and opposite,
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P∗3 = −P∗4, and their energies are equal, and equal to the magnitude of their 3-
momenta, E∗3 = E
∗
4 = P
∗
3 = P
∗
4 =
√
sˆ/2, because both outgoing partons are assumed
to be massless. For the z axis along the direction of the initial partons and the y
axis perpendicular to the z axis in the scattering plane, the parton 4-momenta in the
parton-parton c.m. system can be written as:
p∗1 =
√
sˆ
2
(0, 0, 1, i) p∗2 =
√
sˆ
2
(0, 0,−1, i) (52)
p∗3 =
√
sˆ
2
(0, sin θ∗, cos θ∗, i) p∗4 =
√
sˆ
2
(0,− sin θ∗,− cos θ∗, i) , (53)
so that
P ∗L3 = −P ∗L4 =
√
sˆ
2
cos θ∗ P ∗T3 = −P ∗T4 ≡ pT = mT =
√
sˆ
2
sin θ∗ . (54)
For the outgoing partons, the rapidities are equal and opposite in the parton-parton
c.m. system:
y∗3 = sinh
−1 P ∗L3/mT = −y∗4 (55)
The other two Mandelstam invariants of the parton-parton scattering, tˆ, the 4-
momentum-transfer-squared, and uˆ can be easily computed from Eqs. 52 and 53. The
invariants are related by the c.m. scattering angle:
Qˆ2 = −tˆ = (p∗1 − p∗3)2 = sˆ
(1− cos θ∗)
2
; (56)
and likewise
−uˆ = (p∗1 − p∗4)2 = sˆ
(1 + cos θ∗)
2
. (57)
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